Microplasma Stamps – An Atmospheric-Pressure Plasma Source for the Area-Selective Modification of Surfaces by Lucas, Nina
Microplasma Stamps – An Atmospheric-
Pressure Plasma Source for the Area-
Selective Modification of Surfaces 
 
 
 
Von der Fakultät für Maschinenbau  
der Technischen Universität Carolo-Wilhelmina zu Braunschweig 
 
 
 
zur Erlangung der Würde 
einer Doktor-Ingenieurin (Dr.-Ing.) 
genehmigte 
 
Dissertation 
 
von 
Dipl.-Ing. Nina Lucas 
aus Wolfsburg 
 
 
 
eingereicht am:  09.10.2008 
mündliche Prüfung am:  18.12.2008 
 
Referenten: Prof. Dr. S. Büttgenbach 
  Prof. Dr. K.-H. Gericke 
Vorsitzender:  Prof. Dr. C.-P. Klages 
 
 
 
2009 
https://doi.org/10.24355/dbbs.084-201901221456-0
https://doi.org/10.24355/dbbs.084-201901221456-0
Shaker  Verlag
Aachen  2009
Berichte aus der Mikro- und Feinwerktechnik
herausgegeben von Prof. Dr. rer. nat. S. Büttgenbach
Band 23
Nina Lucas
Microplasma Stamps –
An Atmospheric-Pressure Plasma Source
 for the Area-Selective Modification of Surfaces
https://doi.org/10.24355/dbbs.084-201901221456-0
Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.
Zugl.: Braunschweig, Techn. Univ., Diss., 2008
Copyright  Shaker  Verlag  2009
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.
Printed in Germany.
ISBN 978-3-8322-8008-6
ISSN 1433-1438
Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   e-mail: info@shaker.de
https://doi.org/10.24355/dbbs.084-201901221456-0
  
 
 
 
 
Meinen Eltern 
 
Man kann nicht in die Zukunft schauen,  
aber man kann den Grund für etwas Zukünftiges legen,  
denn Zukunft kann man bauen.  
Antoine de Saint-Exupéry 
 
 
 
 
 
 
 
 
 
https://doi.org/10.24355/dbbs.084-201901221456-0
https://doi.org/10.24355/dbbs.084-201901221456-0
Vorwort 
Vorwort 
Diese Arbeit entstand während meiner Tätigkeit als wissenschaftliche Mitarbeiterin 
am Institut für Mikrotechnik der Technischen Universität Carolo-Wilhelmina zu 
Braunschweig. Sie wurde im Rahmen des Projektes “Microstructured Surface 
Treatment by Atmospheric-Pressure Microplasmas“ in der Förderinitiative “Innovative 
Methods for Manufacturing Multifunctional Surfaces“ von der Volkswagen Stiftung 
gefördert.  
Mein besonderer Dank gilt meinem Doktorvater Herrn Prof. Dr. rer. nat. S. 
Büttgenbach, dem Leiter des Instituts für Mikrotechnik, der mir die Möglichkeit und 
die Freiräume gegeben hat, das dieser Arbeit zu Grunde liegende Projekt zu 
bearbeiten. Durch seine wohlwollende Unterstützung, die vertrauensvolle Betreuung 
sowie die hervorragende technische Ausstattung des Instituts hat er sehr gute 
Rahmenbedingungen für die vorliegende wissenschaftliche Arbeit geschaffen.  
Herrn Prof. Dr. K.-H. Gericke danke ich für die Übernahme des Koreferats und das 
meiner Arbeit entgegengebrachte Interesse. Ebenso danke ich Herrn Prof. Dr. C.-P. 
Klages für die Übernahme des Vorsitzes der Prüfungskommission, die engagierte 
Leitung des Forschungsprojektes, sowie für die vielen wertvollen Hinweise und 
Anregungen während der Entstehung dieser Arbeit. 
Allen Mitarbeitern des Instituts für Mikrotechnik danke ich für das kreative und 
freundschaftliche Arbeitsklima, die vielen anregenden Diskussionen sowie die stete 
Unterstützung meiner Arbeit. Insbesondere danke ich J. Büsing für die Unterstützung 
beim Aufbau und der Wartung des Prüfstandes, M. Mattheis und den Auszubildenden 
für die geduldige Prozessierung der Systeme, Dipl.-Ing. B. Hoxhold für seine 
kreativen Ideen bei konstruktiven Fragestellungen, Dipl.-Ing. S. Demming für die 
gemeinsame Weiterentwicklung des doppelseitigen Abformprozesses und meiner 
Bürokollegin Dipl.-Chem. M. Michalzik für das angenehme Klima und die lustigen 
Momente im „Frauenbüro“. 
https://doi.org/10.24355/dbbs.084-201901221456-0
Vorwort 
Des Weiteren möchte ich mich bei allen Kollegen des Verbundprojektes für die gute 
und erfolgreiche Zusammenarbeit bedanken. Mein besonderer Dank gilt Herrn Dr. V. 
Ermel für die Durchführung der SIPDP-Simulationsreihen, Herrn Prof. Dr. Kurrat für 
sein Interesse an meiner Arbeit sowie hilfreiche Anregungen und Dipl.-Ing. A. Hinze 
und Dr. R. Franke für die Bearbeitung eines der Anwendungsbeispiele und die 
Beisteuerung von Anmerkungen und Beiträgen zu dieser Arbeit. 
Ich danke allen Studenten, die im Rahmen von Studien und Diplomarbeiten zu dieser 
Arbeit beigetragen haben. Besonders danke ich A. Jordan und T. Thielemann, die 
während ihrer langjährigen Hiwi-Tätigkeiten, Studien- und Diplomarbeiten wichtige 
Aspekte dieser Arbeit untersucht haben.  
Auf privater Seite gilt mein größter Dank meinen Eltern, denen diese Arbeit gewidmet 
ist. Ich danke ihnen dafür, dass sie immer für mich da waren und mich auf meinem 
bisherigen Lebensweg und bei allen meinen Entscheidungen immer unterstützt haben. 
Meinem Partner Andreas danke ich für seine Geduld und die liebevolle Unterstützung, 
die er mir während der Entstehung dieser Arbeit entgegengebracht hat und Onassis 
danke ich für die vielen Spaziergänge, bei denen ich herrlich abschalten konnte. 
 
https://doi.org/10.24355/dbbs.084-201901221456-0
Kurzfassung 
Kurzfassung 
Die strukturierte Behandlung von Oberflächen gewinnt vor allem in den Bereichen 
Life Sciences und Polymerelektronik zunehmend an Interesse. Die vorliegende Arbeit 
zeigt zwei verschiedene Mikroplasma-Stempel-Konzepte sowie deren 
Herstellungsverfahren. Mikroplasma-Stempel basieren auf dem Prinzip der 
dielektrischen Barrierenentladung und stellen ein leistungsstarkes Werkzeug für die 
selektive Plasmabehandlung von verschiedenen Materialoberflächen bei 
Atmosphärendruck dar. Dabei integrieren sie die Modifikation und laterale 
Strukturierung der Oberflächen in einem Prozessschritt.  
Im Gegensatz zu vorherigen Ansätzen verwenden Mikroplasma-Stempel eine 
strukturierte, dielektrische Barriere aus Polydimethylsiloxan (PDMS) und ermöglichen 
somit eine sehr gute Anpassung der Stempel sogar an raue oder wellige Oberflächen. 
Die Erzeugung der Mikroplasmen erfolgt in zylindrischen Hohlräumen, die für den 
Behandlungszeitraum durch das Zusammenpressen des Mikroplasma-Stempels und 
des zu behandelnden Substrates geformt werden. Auf diese Weise wird eine 
kontrollierte, räumliche Plasmaausbreitung und damit selektive Behandlung der 
Oberflächen gewährleistet. Für die Fertigung der strukturierten PDMS Barriere wurde 
im Rahmen dieser Arbeit eine verbesserte Methode zur doppelseitigen Abformung von 
PDMS entwickelt und damit verbunden ein Verfahren zur Herstellung von flexiblen 
Masterstrukturen aus einem SU-8 Negativ-Photoresist. 
Der Vergleich und die Charakterisierung der beiden Mikroplasma-Stempel-Konzepte 
erfolgten in Versuchsreihen und mittels FEM und SIPDP Simulationen. Dabei wurden 
sowohl der Einfluss von Designänderungen der Mikroplasma-Stempel, der Elektrode 
und der Kavitäten sowie der Einfluss der benötigten Zusammenpresskraft auf die 
Zündspannung und die Verformung der Kavitäten untersucht. Durch eine zusätzlich 
REM und EDX Analyse der behandelten Oberflächen konnten weitergehende 
Informationen über den Einfluss der Plasmabehandlung auf die Oberfläche erhalten 
werden. Basierend auf den Ergebnissen fand eine erfolgreiche Vergrößerung der 
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Mikroplasma-Stempel statt, die deren Anwendbarkeit für die Behandlung von 
Oberflächen mit verschiedensten Größen und Formen zeigt.  
Als Anwendungsbeispiel wurde die erfolgreiche Anwendung von Mikroplasma-
Stempeln als Plasmaquelle zur strukturierten Vorbehandlung von Polypropylen für die 
stromlose Abscheidung von Nickel und die Peptid-Synthese demonstriert. 
Mikroplasma-Stempel bieten somit sehr gute Aussichten für eine zukünftige 
Verwendung als Werkzeug für die selektive Plasmabehandlung von 
Materialoberflächen bei Atmosphärendruck. 
https://doi.org/10.24355/dbbs.084-201901221456-0
Abstract 
 
Abstract 
The patterned treatment of surfaces is of growing interest for a large range of 
applications in the fields of life sciences and polymer electronics. Microplasma stamps 
are based on the principle of dielectric barrier discharges and represent a powerful tool 
for the area-selective modification of various surfaces by the use of atmospheric 
pressure microplasmas, the so called plasma printing. This process integrates the 
surface modification and lateral microstructuring within one process step. 
In the present work two different microplasma stamp concepts and their processing are 
described. In contrast to previous attempts microplasma stamps use a patterned 
dielectric barrier made of polydimethylsiloxane, which enables a good adjustment to 
wavy, corrugated and rough surfaces. The microplasma is generated in cavities which 
are formed temporarily by compressing the substrate to be treated area-selectively and 
a so-called plasma stamp. Thus, a well controlled spatial extension of the plasma is 
assured. For the generation of the structured PDMS dielectric barrier an improved 
method for the double-sided moulding of PDMS has been developed as well as a 
method for the fabrication of flexible master structures made of the negative working 
SU-8 photoresist.  
The microplasma stamp designs are compared to each other and characterized in detail 
in an experimental series and by simulations using an SIPDP and FEM model. The 
characterization covers the influence of variations concerning the design of the 
microplasma stamp, the electrode and the cavity as well as the required compression 
force on the ignition voltage and the deformation of the cavities. To achieve additional 
information about the effect of the plasma, generated in the cavities of the 
microplasma stamps, on the surface treatment an additional SEM and EDX analysis of 
the mark left by the plasma in the treated areas as well as the distribution of the 
generated functional groups has been conducted. Based on the results a scaling-up has 
been carried out which presents the applicability of microplasma stamps for the 
treatment of surfaces in various sizes and forms.  
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As applications, microplasma stamps have been successfully applied to the area-
selective treatment of polypropylene prior to the electroless deposition of nickel and 
the peptide synthesis. This offers good prospects for a future application of 
microplasma stamps as a suitable process tool for the area-selective plasma 
modification of various surfaces at atmospheric pressure.  
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1 Introduction 
The plasma technology has become a key technology with interdisciplinary character 
[Cas04]. It is applied in many fields of industry (e.g. automotive, aerospace 
engineering, microelectronics, biotechnology, medical technology, optics), from the 
finishing of surfaces via light sources (e.g. video projector, plasma display panel) to 
the sterilization of packaging materials.  
In recent decades, particularly the plasma treatment of surfaces has gained increasing 
interest in many industrial sectors, where the applications cover the treatment of 
metallic surfaces and glass as well as the treatment of polymers to improve their 
wettability, printability and adhesion. The effectivity of the plasma as a chemical 
medium is a consequence of its high reactivity related to the presence of electrons, 
ions, radicals and other active species [Schr94]. Nevertheless, the applications have 
become more and more challenging and the processes have to be simplified to reduce 
the process costs and with it the product costs. This leads to a growing request for 
atmospheric-pressure plasmas instead of the commonly used low-pressure plasmas 
because cost and time consuming vacuum technology can be avoided.  
Regarding the surface treatment by the use of atmospheric-pressure plasmas, the most 
commonly used plasma source on industrial scale is the dielectric barrier discharge 
(DBD). DBDs have been known since 1857, where first investigations were reported 
by Siemens concentrating on the generation of ozone [Kog03]. Today, DBDs also 
referred to as barrier discharges are a suitable plasma source for the treatment of 
dielectric as well as conducting materials [Wag03]. However, in general the desired 
films or functionalities are generated uniformly by conventional plasma processes and 
the desired pattern has to be generated by additional techniques such as 
photolithography or laser ablation micromachining [Pen04].  
A simplification of this kind of processes is the area-selective plasma treatment of 
surfaces (e.g. etching, cleaning, coating, chemical functionalization) which is of 
growing interest in the fields of modern biotechnology, medical technology and the 
https://doi.org/10.24355/dbbs.084-201901221456-0
1 Introduction 
2 
microelectronic industries. The area-selective plasma chemical modification of 
surfaces can be achieved by the use of atmospheric-pressure microdischarges in 
geometrically defined microcavities, whose dimensions could be decreased down to a 
few micrometers [Hin08]. This kind of patterned plasma treatment, also referred to as 
plasma printing, represents a novel production tool which integrates the surface 
treatment and lateral microstructuring in one process step.  
Based on this idea microplasma stamps, which use polydimethylsiloxane (PDMS) as 
flexible, patterned dielectric barrier in order to enable the area-selective treatment even 
of rough and corrugated surfaces, have been developed in the scope of this work. The 
microplasmas to be investigated will be generated in cavities which are formed 
temporarily by compressing the microplasma stamp and the substrate to be treated 
area-selectively. Thereby, a well controlled spatial extension of the plasma is assured. 
The concept of microplasma stamps has been examined in the project 
“Microstructured Surface Treatment by Atmospheric-Pressure Microplasmas” which 
has been funded by the Volkswagen foundation within the funding initiative 
“Innovative Methods for Manufacturing of Multifunctional Surfaces”. This joint 
project has been carried out in collaboration with the Institut für Oberflächentechnik 
(IOT), the Institut für Hochspannungstechnik und Elektrische Energieanlagen (HTEE) 
and the Institut für Physikalische und Theoretische Chemie (IPC) of the TU 
Braunschweig as well as the Helmholtz Centre for Infection Research GmbH (HZI) in 
Braunschweig.  
The present work is divided in the following main sections: Section 2 initially gives an 
overview on the basic theory of plasmas. The emphasis of this chapter is put on the 
principles of dielectric barrier discharges and partial discharges, with regard to the 
presented microplasma stamp concept. This chapter is supplemented by a state of the 
art in section 3 which is related to the generation of plasmas in microcavities at 
atmospheric pressure as well as the plasma treatment of polymers.  
One main part of this work is the applied and developed process technology presented 
in section 4. The focus of this chapter is a description of the properties and moulding 
technologies of PDMS. Particularly the double-sided moulding process improved in 
the scope of this work as well as the developed processing of flexible master structures 
made of the negative working photoresist SU-8 used for this moulding process are 
described in detail. Moreover, the photolithographic techniques, photoresist systems 
and electroplating processes used for the generation of microplasma stamps are 
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fundamentally described. Referring to this chapter, the concept of microplasma stamps 
and their processing is described in section 5.  
For the characterization and optimization of the microplasma stamp design several 
simulations, experiments and SEM-EDX analysis were conducted under varying 
conditions which are described in section 6. For this purpose and the later application 
of microplasma stamps a special test bench was developed presented in section 6.1. 
Based on the results a scaling-up of the microplasma stamp concept was carried out to 
demonstrate the possibility of microplasma stamps for the treatment of larger surface 
areas.  
Finally, the applicability of microplasma stamps for the area-selective treatment of 
surfaces is presented in section 7. This section covers the successful application of 
microplasma stamps for the patterned pre-treatment of polypropylene surfaces prior to 
the electroless deposition of nickel and the patterned amino-functionalization for the 
peptide synthesis.  
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2 Theoretical Background 
2.1 Basic Terms and Characteristics of Plasmas 
Plasmas are commonly known as a fourth state of matter. They are a gaseous mixture 
of electrons, ions and neutrals (atoms, molecules, radicals). To achieve a plasma, a gas 
consisting of neutral particles is supplied with energy to ionize the gas partially or 
fully. This energy can be provided by: inelastic collisions (kinetic energy), radiation 
(x-ray, UV, IR, thermal, microwaves) and strong electric fields. The fundamental 
characteristics of a plasma are the degree of ionization x, the ion density ni, the 
electron density ne and the density of neutral particles nn. The degree of ionization 
specifies how many neutral particles have been ionized. Plasmas with an ionization 
degree x<1 are termed weakly or low ionized plasmas, plasmas with x~1 are termed 
strong or fully ionized. Characteristic values for the ion and electron densities are 
ni=ne=1015-1019 m-3 and nn=1019-1022 m-3 for the neutral particle density, as regards the 
weakly ionized, low-temperature plasmas of interest [Shul00]. As to the distribution of 
ions, electrons and neutral particles, plasmas are considered to be electrically quasi-
neutral, which means ne=ni [Jan92, Rut83].  
Another important parameter for the characterization of plasmas is the temperature. 
All elements of a plasma show different energies and temperatures, respectively. 
Therefore, three different temperatures, the temperature of the electrons Te, the ions Ti 
and the neutral particles Tn are introduced. By means of the temperatures, plasmas can 
be divided in high- (e.g. fusion plasmas) and low-temperature plasmas. Low-
temperature plasmas can further be subdivided into thermal (Te≈Ti≈Tn≤2·104 K) and 
non-thermal (Te≤105 K, Ti≈Tn≈300 K to 1000 K) plasmas [Hip01]. Thermal plasmas 
(e.g. arc discharges) are normally high-pressure plasmas. They are associated with 
Joule heating and thermal ionization and enable the supply of high power. But on the 
other hand they show very high gas temperatures, low excitation selectivity, serious 
quenching and electrode problems [Fri05]. On the contrary, non-thermal plasmas (e.g. 
https://doi.org/10.24355/dbbs.084-201901221456-0
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low-pressure glow discharges, corona discharges, micro hollow cathode discharges, 
barrier discharges) can be effectively operated at low temperatures and offer a high 
selectivity and energy efficiency in plasma chemical reactions, without any special 
quenching [Fri05, Wag03]. This makes non-thermal plasmas a suitable instrument for 
material processing (e.g. etching, deposition or surface modification).  
Furthermore, non-thermal plasmas can be subdivided into low-pressure and 
atmospheric-pressure plasmas. Low-pressure plasmas are widely applied in material 
processing and in manufacturing semiconductor devices. Their advantages are a high 
concentration of reactive species, a low temperature, the possibility to generate 
uniform glow discharges and the ions produced in the plasma can be accelerated 
towards a substrate to cause directional etching. On the other hand the disadvantages 
are the cost-intensive vacuum equipment, the limited size of the objects to be treated 
and the additional equipment (e.g. locks, robotic assemblies) which is required 
[Schu98]. 
High-pressure plasmas overcome the disadvantages of vacuum operation. However, it 
is difficult to sustain a glow discharge under these conditions. Discharges at 
atmospheric pressure require higher ignition voltages and they often lead to arcing 
between the electrodes. Another drawback is that those plasmas are not uniform 
throughout the whole volume [Schu98]. A promising approach to the generation of 
stable glow discharges at atmospheric pressure are microplasmas (microdischarges) 
characterized by dimensions below 1 mm (see section 3.1) like those treated in the 
scope of this work. Microplasmas show electron densities in the order of ne=1015 cm-3 
for DC excitation, which increase to ne=5·1016 cm-3 for pulsed excitation. In 
atmospheric pressure air the electron density was reported to be up to ne=1016 cm-3 for 
pulsed excitation [Bec06]. The local electron temperature reaches 5 eV 
(1 eV = 11 600 K) or more depending on the excitation mode [Eden05a]. The neutral 
gas temperature in rare gas and atmospheric air microcavity plasmas, measured by 
optical emission or absorption spectroscopy, ranges between room temperature and 
approximately 2000 K [Bec06, Eden05a]. Figure 2.1 gives an overview of the 
classification of plasmas and indicates the operating region of microplasmas used in 
this work as square region inside the common process plasma area.  
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Figure 2.1. Electron densities and electron temperatures (1 eV = 11 600 K) 
for different types of plasmas, including lines of constant Debye length (λD) 
and lines of constant number of electrons inside a Debye sphere (Nd) based 
on [Ros90 p. 16]. The operating region for microplasmas is represented by 
the dark grey square region. 
 
2.1.1 The Debye Screening Length λD 
As described in section 2.1 a plasma can be considered as quasi neutral. This is true 
only in the macroscopic sense, because each charged particle inside the plasma is 
surrounded by an electric field that interacts with the electric field of the other particles 
[Nas71]. In order to achieve neutrality, the electric field of each particle must be 
insignificant outside the plasma boundaries which means each particle has to be 
shielded by the particles surrounding it [Nas71]. Regarding a single charged particle 
within the plasma, its surrounding electric field will cause a charge separation in its 
vicinity [Nas71]. As to an ion, it will attract electrons and repel ions. Thus, a spherical 
cloud of electrons is generated around the ion, so that the charges of the ion and the 
electron cloud balance each other. The radius of this spherical cloud is called the 
Debye length, the volume itself the Debye sphere. The Debye length is a characteristic 
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dimension of a plasma and is the minimum scale length over which a plasma can be 
considered as quasi neutral [Shul00]. It is defined as 
e
2
e0
D
ne
Τκελ
⋅
⋅⋅
=  (2.1) 
where ε0 is the dielectric permittivity of the vacuum, κ is the Boltzmann constant and e 
the charge of an electron (elementary charge).  
From this follows that an ideal plasma is characterized by two defining attributes. 
Firstly, the size of the plasma is larger than the Debye length, so that individual 
charges are shielded. Secondly, the plasma must contain a sufficient number of 
charged particles inside a Debye sphere, so that Debye shielding can occur [Shul00]. 
That means 
1nλπ
3
4N e
3
Dd ≥⋅⋅⋅=  (2.2) 
where Nd is the number of electrons inside the Debye sphere. If the Debye length is 
larger than the dimensions of the plasma device, the plasma is referred to as a non-
ideal plasma [Jan92, Nas71]. 
2.1.2 The Mean Free Path λ and the Collision Cross Section σ 
The properties of a plasma (e.g. plasma equilibrium, chemical processes) are strongly 
determined by particle collisions. The mean free path λ is defined as the average 
distance which a single particle traverses between two successive collisions (elastic or 
inelastic) with a second passing particle [Schul00, Jan92]. Generally, the electron-
neutral collisions are most important, regarding weakly ionized, low-temperature 
plasmas like those considered in this work because of the high electron temperature 
and the large number of neutral particles [Shul00]. Thus, for electrons  
n
e
nσ
1λλ
⋅
==  (2.3) 
where σ is the collision cross section for electron-neutral collisions, λe is the mean free 
path of an electron and nn is the density of the neutral particles for the given gas 
[Jan92]. 
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The collision cross section is generally defined as the effective area around a single 
particle within which a second passing particle will interact. Considering an electron 
colliding with a neutral particle with the radius r, then σ = πr² [Nas71]. The total 
collision cross section is defined as  
∑= jtot σσ  (2.4) 
where σj are the contributions for each possible type of particle interactions, e.g. elastic 
and inelastic collisions, excitation, ionization, recombination and dissociation [Hae87, 
Shul00]. This means the collision cross section determines how far a single particle 
can travel unimpeded until it collides with another particle and how rapidly it transfers 
energy and momentum to other particles [Shul00]. 
It has to be taken into account that the length of the mean free path depends on the 
temperature T and the pressure p which influences also the density of the neutral 
particles [Nas71]. Hence 
0
0
0Tp, T
T
p
p
λλ ⋅⋅=  (2.5) 
which allows the determination of λ, if it is known under different conditions of 
temperature and pressure. Resulting from this high-pressure plasmas show a short 
mean free path and with it high collision rates. In contrast, if the pressure is too low, 
the mean free path is too long and the number of collisions is too small to maintain the 
plasma. Thus, it is more difficult to obtain non-thermal plasmas at high pressures with 
high collision rates and a short mean free path, because collisions cause a continual 
exchange of energy between electrons and heavy particles with the tendency to 
equilibrate temperatures [Bec05]. 
2.2 The Electrical Breakdown Mechanisms and the Paschen Law 
2.2.1 The Electrical Breakdown of DC Discharges 
If a voltage U is applied to electrodes with the distance d in between, an electric field 
is generated in the gas volume. If the electric field exceeds the inception field, the gas 
transfers from being an insulating dielectric to a conductive gas, which could be 
observed as glow discharge. This breakdown threshold is determined by the relation of 
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creation and removal of charged carriers under specific conditions. In the Townsend 
theory of breakdown the generation of charged particles is described by volume 
processes (primary ionization coefficient α) and surface processes (secondary emission 
coefficient γ). A self-sustaining discharge could be achieved, if a primary electron 
generates at least one new secondary electron on its way to the anode before it 
recombines at the anode [Kue05]. This process is described by the Townsend-
mechanism 
( ) 11e d ≥−⋅γ ⋅α  (2.6) 
where d is the distance between the electrodes and α, γ the Townsend coefficients.  
The first Townsend coefficient α (primary ionization coefficient) defines the 
production of electrons generated in the path of a single electron travelling a unit 
length (1 cm) in the direction of the electric field. It depends on the reduced electric 
field (E/p). It can be calculated by 
E
pB
eA
p
α ⋅−
⋅=  (2.7) 
where A and B are experimentally determined constants characterizing the gas under 
investigation and E is the electric field strength [Kue05].  
The second Townsend coefficient γ (secondary emission coefficient) describes the 
ratio of secondary electrons generated by ion impact at the cathode [Bec05]. It depends 
on the cathode material, the state of the surface, the gas and the reduced electric field. 
Moreover, it considers effects by positive ions, photons, fast atoms, metastable atoms 
and molecules. At low pressures (low gas densities) the effect of ion impact plays a 
major role while at high pressures (high gas densities) the photo effect prevails [Fri05, 
Kue05]. From this follows that the breakdown voltage Uz, which indicates the voltage 
drop inside the gas gap can be calculated as 
( )/γ11ln
dpAln
dpBUz
+
⋅⋅
⋅⋅
=  (2.8) 
This formula is also known as Paschen formula [Kue05]. The voltage drop over the 
whole arrangement at this time will be referred to as ignition voltage Ui in the 
following.  
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2.2.2 The Paschen Law 
Already in 1889 F. Paschen discovered in experiments that the breakdown voltage 
remains constant if the product of electrode distance and gas pressure does not change. 
He established the empirical relation that the breakdown voltage (Uz) is a function of p 
and d [Bec05] 
( )pdUz f=  (2.9) 
Figure 2.2 shows Paschen curves measured in classical DC experiments for different 
gases. This experimentally achieved data could be confirmed by equation 2.8. As 
shown in figure 2.2 most gases have a minimum around 1 Torr·cm. Around this so 
called Paschen minimum the conditions for electrical breakdown are most favourable. 
The increase of the breakdown voltage on the right hand side of the Paschen curves is 
determined by the increasing pressure and with it decreasing mean free path length and 
impeded energy absorption. The increase of the breakdown voltage on the left hand 
side is determined by decreasing pressure and short gaps, which leads to limited 
possibilities for ionizing collisions [Jan92]. 
The Paschen law is a special case of the similarity laws [Wie76]. Electrical breakdown 
of gases depends on e.g. the gas, the gas pressure, the electrode (shape, material), 
electrode effects, the applied voltage, etc.. Those parameters show complex 
dependencies among each other, but can be combined to groups by the help of 
similarity laws, also known as reduced terms. Regarding the behaviour of electrical 
discharges the reduced field strength is an important term which marks the area of 
validity of the Paschen formula. The similarity law enables to derive from a known 
ignition behaviour of one gas discharge to the ignition behaviour of a similar 
discharge, if all surrounding conditions are kept constant with the exception of p and d. 
This coherence is given by the following equation 
2211 dpdp ⋅=⋅  (2.10) 
This expression demonstrates that two electrode systems with different electrode 
distances show the same ignition voltage, if their pd products are equal [Osm06]. 
Thereby, an up- and down-scaling by the use of experimental data is enabled. 
Furthermore, the scaling law allows to scale the electrode distance of an atmospheric 
pressure discharge in a way that the characteristic properties of a glow discharge can 
be achieved.  
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Figure 2.2. Paschen breakdown voltages for static breakdown in N2, Air, 
Ar, He, H2 based on [Bec05 p. 31]. 
2.2.3 The Electrical Breakdown at High Voltages with AC Excitation 
Electrical breakdown in gases is not restricted to DC discharges. Also AC, RF and 
pulsed excitation is possible. As well, microplasma stamps (dmax=350 µm) discussed in 
this work are plasma sources driven by medium frequency excitation at atmospheric 
pressure. On this account, some aspects of the breakdown theory have to be further 
discussed, because the Townsend criteria and Paschen curves like those illustrated in 
figure 2.2 are presumed to be valid for relatively low pressures and DC excitation. 
Moreover, the experiments to achieve Paschen curves commonly are carried out in 
planar electrode arrangements with atomic clean electrode surfaces. Thus, those curves 
could only be handled as a guide line for other discharge conditions.  
Regarding the excitation of plasmas at high pressure up to atmospheric pressure, even 
there the Townsend mechanism dominates, if the electrode gap is not too large and the 
electric field is homogeneous. An often cited criterion, originally by Raether (1940), 
states that Townsend breakdown can be expected at pd < 1000 Torr·cm [Bec05]. 
Fridman et al. [Fri05] specify that the Townsend mechanism could even take place at 
up to pd < 4000 Torr·cm. From Fridman et al. follows that the electrode distance d has 
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to be d < 5 cm at atmospheric pressure in air. Larger gaps normally lead to a streamer 
breakdown, which is based on thin ionized channels, growing fast between the 
electrodes.  
The applicability of the Townsend breakdown criteria for high-pressure plasmas with 
low or high frequency excitation up to radio frequency is discussed in several 
contributions: Baars-Hibbe [Baa05] shows that the model of Townsend breakdown can 
also be used for discharges generated by AC excitation, if special conditions are 
fulfilled. Wagner et al. [Wag05] show experimentally and by means of simulations 
that the microdischarge formation in a short air gap can be explained in the frame of 
the Townsend mechanism. Their experiments were carried out at atmospheric pressure 
in a barrier discharge setup driven by a sinusoidal voltage at 9.6 kHz. Park et al. 
[Park01] studied the gas breakdown in an atmospheric pressure radio frequency 
(13.56 MHz) capacitive plasma source. They showed that for a pd < 240 Torr·cm a 
stable glow-like discharge can be produced at atmospheric pressure for 13.56 MHz.  
However, for narrow gaps, the gap size can restrict the applicability of the breakdown 
criteria and the scaling law. Kogelschatz [Kog07] states that for very narrow gaps and 
high pressures conditions are reached, where the electrode distance d approaches the 
mean free path of the electrons and becomes comparable to the Debye length of the 
plasma.  
2.3 Dielectric Barrier Discharges 
Dielectric barrier discharges (DBD), also referred to as barrier discharges or silent 
discharges are characterized by the presence of one or more dielectric layer. These 
layers are positioned in the current path between two metallic electrodes and are in 
contact with the discharge. The electrode configuration can be cylindrical or planar, 
typical configurations are shown in figure 2.3 [Kog03, Kog02, Wag03]. DBDs show a 
large range of application in industrial scale, e.g. ozone generation, surface treatment 
(etching, modification, cleaning), layer deposition, pollution control, large area flat 
plasma-display panels, excitation of CO2-lasers and excimer lamps [Kog02, Wag03].  
The decisive advantage of DBDs is their possibility to generate low-temperature, non-
thermal plasmas at elevated pressures (0.1-10 bar) [Kog02, Wag03]. Furthermore, they 
provide high energy electrons which are able to generate atoms, radicals and excited 
particles. Concerning the geometrical shape, the working gas mixture and the  
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Figure 2.3. Common dielectric barrier discharge configurations based on [Kog02].  
operation parameters (e.g. power input, excitation frequency, pressure, gas flow), they 
show a great flexibility. The scaling-up of small laboratory devices is in many cases 
possible without large problems, after a preliminary parameter optimization [Wag03]. 
The dielectric layers are typically made of glass or silica glass, quartz, ceramic 
materials, thin enamel or polymer layers. For some applications protective or 
functional coatings are applied. DBDs can be ignited in gaps with a width ranging 
between 0.1 mm to 100 mm. For the operation of DBDs alternating excitation voltages 
or pulsed DC voltages are required. Normally they are operated between 50 Hz (line 
frequency) and several GHz [Kog02, Wag03]. There are two different modes of DBDs 
which are discussed in the following sections.  
2.3.1 Filamentary Discharges 
At atmospheric pressure, DBDs normally operate in the filamentary mode. This means 
the appearance of the DBD is characterized by the presence of a large number of 
filaments also referred to as microdischarges [Bec05]. Those microdischarges are 
short-lived and uniformly distributed over the dielectric surface [Kog03, Wag03]. A 
microdischarge consist of a cylindrical filament of high current density with a radius 
about 100 µm and can be considered as a transient glow discharge. If a microdischarge 
reaches the dielectric surface, it spreads into a large surface discharge (figure 2.4) 
[Kog03, Bec05]. 
The development of filamented DBDs is described in detail by Gibalov et al. [Gib00], 
Eliasson et al. [Eli91] and Kozlov et al. [Koz01]. They describe, that the duration of a 
microdischarge is limited to a few ns and that the formation of a microdischarge can 
be divided in three phases. The first phase is known as pre-breakdown phase or  
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Figure 2.4. Schematic view of a microdischarge 
based on [Kog03]. 
Townsend phase. In this phase a Townsend breakdown occurs, which leads to the 
accumulation of a negative space charge in front of the anode, if the primary and 
secondary electron avalanche arrive there. This results in a local electric field 
distortion. If this electric field distortion reaches a critical value, the breakdown starts 
from the anode surface.  
The second phase, the propagation phase, is characterized by an ionization wave in the 
direction to the cathode. This ionization wave (streamer) reaches the cathode in some 
ns and bridges the discharge gap. It is also possible that streamers develop out of the 
primary electron avalanche. However, according to Tepper [Tep03] the development 
of streamers out of primary avalanches could be avoided. This is achieved, if the 
discharge gap is in the mm range and the discharge takes place at atmospheric pressure 
by the use of gases like air or nitrogen. Furthermore, the applied electric field has to be 
homogeneous and in the value of the breakdown field strength according to Paschen.  
During the third phase, the so called decay phase the charge accumulations on the 
dielectric surfaces lead to a collapse of the surrounding electric field. Thus, the current 
decay leads to the expiration of the microdischarge. The microdischarge formation 
renews inversely within the next half-cycle of the applied voltage [Wag03]. 
For the treatment of surfaces it is advantageous to achieve a “homogenization” of the 
filamentary mode. This is benefited by a low dielectric permittivity and/or small 
dimensions of the gas gap. Moreover, it can be affected by the thickness of the 
dielectric barrier [Wag03]. 
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2.3.2 Homogeneous or Diffuse Discharges 
Diffuse DBDs are especially suitable for the uniform treatment of surfaces [Wag03]. 
At lower pressures (typically below 100 Pa) diffuse DBDs can always be obtained. 
These discharges have a widespread application in the semiconductor industry for 
plasma etching and plasma deposition [Kog03]. Under certain operating conditions 
apparently homogeneous, diffuse DBDs can also be obtained at atmospheric pressure. 
These special operation conditions are mainly determined by the properties of the 
feeding gas (pre-ionization, impurities) and the excitation frequency [Wag03]. They 
can be easily obtained in helium or helium-rich gas mixtures, neon and pure nitrogen 
or with special electrode configurations and operating conditions [Kog03, Wag03]. 
Several investigations in the scope of diffuse DBDs have been made in the last years 
by different working groups. The first investigations were made by Donohoe [Don79], 
who investigated a uniform barrier glow discharge driven by pulsed excitation in a 
helium/ethylene gas mixture. Okazaki and co workers [Oka93, Kan88] investigated 
diffuse DBDs experimentally. They used metal electrodes covered with a metal wire 
mesh and thin ceramic plates or PET Foils. With this configuration they generated 
diffuse DBD in helium, argon, air and nitrogen even at a 50 Hz sinusoidal feeding 
voltage. They explain the generation of diffuse DBDs on the basis of the Kekez curve 
[Kek70]. According to Kekez, a homogeneous discharge starts with a Townsend 
discharge, changes to a glow discharge (first glow), to a filamentary glow (second 
glow) and finally to an arc discharge. A diffuse barrier discharge can be stabilized, if 
the discharge stops before arriving at the second glow. These pulsed discharges will be 
homogeneous glow discharges. In this case the transition time from glow to arc 
discharge depends on the gas, the gas pressure, the discharge gap width and the state 
of overvoltage [Oka93]. The time constant of each pulse is influenced by the electric 
field strength and charge–up condition of the dielectric material. The detection of 
homogeneous discharges was carried out by the help of current measurements and 
Lissajou figures. 
Massines, Gherardi and co-workers [Geh00, Geh01, Mas98b, Mas98a, Mas05, Mas03] 
used an experimental setup consisting of two metal electrodes covered with an alumina 
layer. They generated homogeneous glow DBDs in helium and nitrogen with an AC 
excitation in the kHz range. In their works, they proved numerically and 
experimentally that diffuse DBDs are self-pulsed discharges. To achieve diffuse DBDs 
the breakdown has to occur under a low electric field to allow the formation of plenty 
of avalanches. This induces a progressive ionization of the gas and with it its 
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Townsend breakdown leading to a glow discharge [Geh00]. The breakdown process is 
mainly controlled by the seed electrons as well as metastable atoms, which are able to 
ionize the gas by the Penning effect [Mas98b, Mas98a]. The higher their density when 
the discharge is ignited, the higher the probability to achieve a glow DBD. The 
ionization processes are strongly influenced by impurities because they control the 
density of metastable atoms at the time of ignition of the discharge [Mas98b]. The 
breakdown mechanism itself is strongly influenced by the frequency, the amplitude of 
the feeding voltage, the gas flow and the power implemented by the discharge 
[Mas98b, Geh01]. Moreover, Massines and co-workers showed in detail that the 
diffuse DBD in nitrogen is a Townsend like discharge whereas the diffuse DBD in 
helium is a glow like discharge [Mas05, Mas03].  
Another investigation is presented by Roth et al. [Rot95, Rot07]. They use helium and 
low frequency RF excitation for the generation of glow DBD. They call them “one 
atmosphere uniform glow discharge plasma” (OUAGDP) This approach is not going 
to be explained in detail here because it differs from the approaches demonstrated by 
various modelling results e.g. in Kogelschatz et al [Kog02] and Becker et al. [Bec05]. 
2.4 Partial Discharges 
Partial discharges in insulating materials have been commonly known and of growing 
research interest for the last few decades. Partial discharges are a special case of gas 
discharges. A partial discharge is generally defined as a confined or highly localized 
electrical discharge within an insulating material. They are assumed to be cold 
discharges and can occur in any kind of insulating material, such as gases, fluids, 
solids and their properties and effect strongly depend on the material. The occurrence 
of partial discharges can lead to an electrically-induced aging of insulating materials, 
e.g. formation of corrosive by-products, erosion, sputtering and electrical treeing 
[Bru94]. Because the approach described in this work regards the discharge inception 
in cavities in solid insulating materials the following considerations are restricted to 
this area. 
Defects leading to partial discharges in solid insulating materials can be categorized in 
two major types: voids and field enhancement. Regarding the first case, the partial 
discharge also depends on the geometry and orientation of the enclosed void, the 
gaseous material involved in the discharge as well as on the surface parameters (e.g. 
surface conductivity, surface ionization, electron emission) [Fru92, Nie95]. The 
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ignition process and the influences on the ignition process will be discussed in the 
following sections.  
2.4.1 The Gas Discharge Process in Dielectric Voids 
Gas discharges in dielectric voids can only occur if an initial electron is present and 
the electric field exceeds the inception field strength. The processes for the generation 
of initial electrons can be categorized in two main groups: volume generation and 
surface emission. The first group covers processes like the radiative ionization by 
energetic photons or the field detachment of electrons from negative ions. The second 
group includes the field emission from cathodic conductors, detrapping of electrons 
from traps at the insulator surface, where they have been trapped during previous 
discharges and electron release by ion impact [Fru92, Nie95]. If no initial electron is 
present, the waiting time can be extremely long. This kind of partial discharges starts 
after a time delay at an exceeded electric field strength (see section 2.4.3). From this 
follows, that the supply of the first electron controls the statistical parameters of the 
partial discharge. This includes the inception time delay, the frequency of occurrence 
and the distribution with respect to the phase of the applied AC voltage [Nie95]. 
The discharge mechanism of partial discharges is similar to the one shown for 
filamentary DBDs (see section 2.3.1) and is described in detail in Devins [Dev84] and 
Dissado et al. [Dis92]. In both works, two types of discharge, “Townsend-like” and 
“streamer-like” are introduced. Additionally, Devins shows a detailed study on the 
physical processes occurring in the void during partial discharge and proposes a model 
for the transition from a “Townsend-like” discharge to a “streamer-like” discharge as a 
function of the applied overvoltage. The experiments were conducted in a setup 
consisting of a variable air gap bordered by a dielectric on one side and a metal 
electrode on the other side. It was pointed out that the minimum overvoltage required 
for the transition to a streamer-like discharge is dependent on the ignition voltage of 
the void, the void geometry, the ratio of the effective series capacitance and the void 
capacitance. Furthermore, Devins presented that streamers are not formed below a gap 
size of 100 µm even with a considerable overvoltage.  
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2.4.2 Influence of the Void Geometry on the Spatial Distribution of the 
Discharge 
Partial discharges are considerably influenced by the geometry and the position of the 
void inside the insulating material. The influence of the void geometry on the 
discharge is described in Engel [Eng98] and in detail in Hartherz [Har02]. Moreover, 
Hartherz gives an overview on the field strength distribution for different geometries 
and has carried out several investigations in this field. In the literature five main 
geometries can be found: needle like gaps vertical to or in the direction of the electric 
field and spherical, ellipsoidal or cylindrical voids (figure 2.5). In spherical and 
ellipsoidal voids (figure 2.5 c and d) the gas discharge is dominated by volume 
ionization [Nie95]. A damage of the surface is restricted to the area of the discharge 
base point on the cathodic and anodic side of the void. Relatively wide voids will show 
gliding discharges at the cathodic and anodic side of the void [Eng98, Har02]. 
Geometries with surfaces particularly vertical to the electric field (figure 2.5 e) were 
mainly damaged at the base points of the partial discharges on the cathodic and anodic 
surface due to gliding discharges. In very large gaps these discharges can ignite at 
varying points and moreover it is possible that several partial discharges occur at the 
same time [Eng98, Har02]. Those geometries featuring sidewalls parallel to the field 
(figure 2.5 a and b) show gliding discharges and surface discharges, respectively. This 
surface discharges leads to a degradation of the insulating material particularly in the 
edges of the void, which benefits electrical treeing (see section 2.5) [Eng98, Nie95, 
Har02]. 
 
Figure 2.5. Possible partial discharge geometries based on [Eng98]. 
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Moreover, the geometry influences the electric field strength distribution. Hartherz et 
al. [Har02, Har99] show in detail the possibility to calculate the electrical field 
enhancement for different idealized geometries (e.g. spheroid, gaps, cylinder) on the 
basis of analytical formulas, assuming that the void is included in an infinite 
widespread dielectric.  
Regarding cylindrical voids and cavities, respectively, the influence of the void 
geometry on the field distribution and the ignition voltage has first been studied by 
Hall and Russek in 1954 [Hal54]. They establish the following empirical formula for 
two different dielectrics with εa=2 and 5.5 and with the permittivity of the void εi being 
taken as unity.  
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where Uz is the breakdown voltage inside the cavity, Ui the ignition voltage over the 
whole arrangement, h is the height of the cavity, L the thickness of the dielectric, D the 
diameter of the cavity and εa the permittivity of the dielectric surrounding the cavity 
(see figure 2.6).  
In contrast to the analytical estimations shown by Hartherz et al., this formula 
considers the void in a dielectric which is restricted in all dimensions. Based on this 
formula, Hall and Russek have shown that the ignition voltage Ui increases for 
increasing aspect ratio (h/D). Hartherz et al. made further investigations to verify this 
formula by computer aided analysis. They show that the formula is, within its 
limitations, very accurate in predicting the electrical field enhancement.  
 
 
Figure 2.6. Schematic view of the geometry for the calculation of the field strength  
a) dielectric barrier on one side of the void b) dielectric barrier on both sides of the 
void based on [Hal54]. 
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2.4.3 Inception Delay of Partial Discharges 
The inception delay of partial discharges is a commonly known effect. It describes in 
general the waiting time for a first electron in a void, that has not been ignited before. 
If no artificial radiation is provided, the inception delay is controlled by the ionization 
effects of cosmic and radioactive radiation. It can range from milliseconds to minutes 
and even longer as shown by Tanaka [Tan86]. If no initial electron is provided, partial 
discharges often ignite at overvoltages after a time delay [Mor90, Nie95, Eng98]. The 
probability of electron emission in an incremental time δt is given by:  
( )
incΔt
δtδtP =  (2.12) 
The average time delay (Δtinc) for electrons due to natural radiation depends on the 
volume of the enclosed cavity [Mor90]. For a spherical void Niemeyer [Nie95] shows 
that it can be calculated by the following formula, assuming that volume ionization is 
the dominant ionization process. 
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where D is the cavity diameter, Crad characterizes the interaction between radiation and 
gas, Φrad is the quantum flux density of the radiation, (ρ/p)0 the pressure reduced 
density of the gas, υ the ratio of applied voltage to inception voltage and β a gas 
constant. The correctness of this formula has been proved experimentally by 
Niemeyer.  
Moreover, Niemeyer [Nie95] assumed that for flat and cylindrical voids the production 
of electrons is dominated by surface processes because of the large surface-to-volume 
ratio. Burgener and Fröhlich [Bur01] showed that the average time delay for 
cylindrical voids can be calculated by 
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where r is the radius of the cavity, h the height of the cavity and linc the inception 
length. The inception length is given by the following expression 
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with αeff = α-η the difference between the ionization and the attachment coefficient. 
The equation 2.13 is similar to equation 2.14 given by Niemeyer. It is supposed, that a 
partial discharge occurs if the avalanche grows to a length of linc. Cavities which are 
shorter than linc do not lead to a partial discharge. The active volume from which 
primary electrons could develop is restricted to π·r²(h-linc). 
If a partial discharge has been initiated once, an additional electron generating 
mechanism becomes active. This mechanism is based on the detrapping of electrons 
from surfaces where they have been trapped before during previous discharges. For 
cavities with a small diameter (< 2 mm) the ionization rate by this effect is much 
higher than by volume ionization. As a result, void discharges exhibit a “switch-on” 
behaviour. This means: The first ignition shows a long time delay. The following 
ignitions continue with a much lower statistical time delay controlled by surface 
charge trapping [Nie95]. 
2.4.4 Charge Decay and Memory Effect 
Memory effects are associated with residual products (e.g. ions, excited metastable 
species and surface charges). These products have been generated during previous 
discharges and can dissipate with time. The dissipation time is normally comparable or 
significantly longer than the time between two partial discharges. Depending on the 
void geometry the pre-dominant memory effect is either associated with residual space 
charges or with surfaces charge deposition from previous discharges [Bru93]. The 
memory effect can be classified in two categories. First reversible processes which do 
not change the geometrical and materials aspects of the void and second irreversible 
processes which lead to a permanent change of the discharge area. The first processes 
are estimated to control the stochastic behaviour of the discharge, the latter ones lead 
to a non-stationary behaviour of the discharge [Bru94, Bru93]. 
The charges which are generated by partial discharges can decay by three different 
effects depending on the geometry of the void. Space charge clouds decay by an 
ambipolar drift in the field, whereas surfaces charges decay by ion drift through the 
gas or finally by conduction along the insulator surface [Nie95].  
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Moreover, Niemeyer showed that the memory effect and the charge decay are mainly 
controlled by the conductivity of the void surface (κs). Regarding polymer surfaces, 
this surface conductivity can vary over many orders of magnitude. With κs*~5·10-13 
Niemeyer gave a criterion at which the charge decay time constant tsc becomes smaller 
than half an AC period, meaning the time above which a substantial charge decay 
occurs between two subsequent half periods. If no discharge has occurred, a typical 
range for the surface conductivity of polymers is κs=10-14-10-16. This leads to the 
assumption that surface discharges in non-aged voids can survive for many half 
periods. Thus, they exert memory effects by their field contribution and they are a 
source of detrappable charges. Correlation effects over many half periods can be 
expected [Nie95]. Aged voids can reach much higher surface conductivities  
κs=10-12-10-11. These high conductivities can lead to an expiration of the discharge 
activity because the void surface would shield the void from the electric field [Nie95]. 
2.5 Electrical Treeing 
Discharges that occur in insulating materials can cause physical and chemical changes 
of the surrounding material, which can be disadvantageous for the performance of the 
material as a dielectric material [Bru94]. The processes leading to the degradation of 
polymers can be subdivided into physical aging, chemical aging and electrical aging. 
The first two processes are discussed in detail in Dissado et al. [Dis92]. These two 
processes can occur in the absence of an electric field, but they strongly influence the 
possibility of an electrical breakdown and they can be accelerated by such electric 
fields and driven in combination with them. The electrical aging process can be 
subdivided into three main processes [Dis92]: water treeing, which is specifically 
electric in origin but requires water as essential component, partial discharges (see 
section 2.4) and electrical treeing, which is discussed in the following.  
Electrical trees grow under the influence of high divergent AC fields or DC conditions 
when e.g. voltage ramps, impulses, polarity reversal, etc. occur. They are mainly found 
in regions of high electrical stress, such as conductive contaminations, stress 
enhancing geometrical features like point electrodes or by partial discharges taking 
place in gas filled cavities [Dis92, Dis02, Auc95].  
Electrical trees consist of connected channels electrically building up a tree like 
structure in the insulating material. The channels have a diameter in the range of some 
microns and branches of some tens of microns long. In the common literature 
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electrical trees are subdivided into bush trees (figure 2.7), branch trees (figure 2.8) and 
bush-branch trees [Dis92, Auc95]. 
The electrical tree formation takes place in three and four phases, respectively [Auc95, 
Dis02]. The first phase is the initiatory or inception phase in which the tree formation 
starts with the emergence of a single channel with a length of 10 µm [Auc95]. A 
starting point for the initiation of trees has to be charge transfer [Tan92]. Basic 
phenomena for the initiation of electrical trees are 
 the injection and extraction of charges 
 the production of free radicals by the acceleration of electrons, which collide 
with the polymer. It has been shown that electrons with a kinetic energy of 3 to 
4 eV are able to break bonds 
 breaking of chemical bonds due to UV radiation 
 chain scission and formation of deteriorated regions 
 electrostrictive forces 
 material degradation and weak regions 
 mechanical deformation  
[Shi98] [Tan92] [Dis02]. 
Varlow et al. and Auckland et al. show that the mechanical properties (tensile strength, 
elastic modulus and fracture toughness) strongly influence the initiation and growth of 
the electrical trees [Auc95, Var98, Var96]. The mechanical stress can be applied 
externally or rise internally from the manufacturing process. Whereas tensile stress 
accelerates electrical treeing, compressive stress retards treeing. The growth can also 
be accelerated by mechanical stressing of the material during voltage application.  
 
Figure 2.7. Busch tree 
according to Hartherz 
[Har02, p. 45]. 
 
Figure 2.8. Branch 
tree according to 
Hartherz [Har02, 
p. 45]. 
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The second phase, the propagation phase, is a rapid phase. The transition from the 
inception phase to the propagation phase can be indicated by the presence of current 
pulses due to discharges in the channel. In the propagation phase the original channel 
divides in two more channels, which in turn grow and divide. This process repeats and 
builds up a tree or bush-like structure. This step-by-step extension of the electrical tree 
is initiated by discharges in the channel, which inject charges into the dielectric 
material around the discharge head. These charges perform the same role as the 
electrode in the initiation process and allow the tree to advance. The minimum tube 
length is 5-10 µm with a radius of 1 µm. This size is possibly related to the minimum 
in the Paschen curve, as this would be the smallest size cavity able to support partial 
discharges [Dis02, Auc95]. The propagation of bush like trees initially starts like the 
one for branched trees, but the new channels are mainly produced at the root of the 
tree structure than at the tip [Dis92, Dis02]. 
In some cases the rapid growth is followed by a third phase, which only shows a slow 
progress. In this phase the tree growing tends to occur from regions near the root and 
leads to a bush-like tree. The final phase leads to the breakdown and is characterized 
by a rapid development, which tends to single channels to extend quickly towards the 
opposite electrode [Auc95]. 
Solid polymeric insulation materials (e.g. rubber, plastics, resin) which gradually 
replace naturally occurring ones (e.g. bitumen, oil) in recent years are strongly 
susceptible to electrical treeing. A detailed survey on electrical treeing in solid 
polymeric insulation is given in Auckland et al. [Auc95]. In their work they describe 
different forms of electrical treeing and present a review of the theories of electrical 
tree formation and inhibition as well as methods for the detection of electrical trees.  
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3.1 Microcavity Plasmas at Atmospheric Pressure 
Microcavity plasmas have been of great interest in research for the last few decades. A 
well known area for microcavity plasmas at atmospheric pressure is the field of partial 
discharges (see section 2.4). Partial discharges have been examined since the early 
1940´s, but most of this work went unrecorded. An overview on the early history of 
partial discharges could be found in Nattrass [Nat93]. In the fifties, sixties and early 
seventies most work concentrated on the understanding of void discharges [Nie95]. 
These works examined the influence of cavity geometry, temperature, pressure and 
electrical stress (e.g. [Hal54]). In the following decades the understanding of other 
partial discharge mechanisms (e.g. [Dev84, Mor90, Tan86]), the development of 
methods for the numerical simulation and modelling of partial discharges (e.g. [Bar92, 
Nie95, Bur01]), and improved measurement/detection systems for partial discharges 
(e.g. [Gul90]) come to the fore. All of these approaches consider microcavity plasmas 
as defects in insulating material which normally lead to a degradation of the material. 
Besides the investigation of partial discharges, microcavity plasmas achieve growing 
interest in several other fields of research. In these cases they are ignited in artificially 
generated cavities with confined geometries and are applied to a large range of 
applications from plasma displays to surface treatment, which is the topic of this work.  
One broad area of plasmas generated in artificial cavities is the field of micro hollow 
cathodes (MHC), which are often applied as radiation sources or in the field of plasma 
displays. MHC discharges are glow discharges generated at high pressure between 
closely spaced electrodes with an electrode opening of approximately 100 µm and an 
electrode distance of about 200 µm. Normally MHC discharges operate as DC devices, 
but they have also been successfully operated in pulsed, AC and RF modes [Bec05]. A 
good survey of the state of the art in the field of MHC is given in Becker et al. 
[Bec05]. At atmospheric pressures these discharges are performed in rare gases or 
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halogenides, but there is an increasing interest in using air or air mixtures. Regarding 
the electrode design for the generation of MHC plasmas various electrode geometries 
are possible (figure 3.1). Schoenbach, Stark and El-Habachi [Scho96, Sta99, Hab98] 
generate DC driven MHC discharges in cylindrical geometries with a diameter of 
100 µm. The cavities were structured in a 200 µm thick mica spacer or in 250 µm 
alumina and as electrodes they use molybdenum foils (figure 3.1 a). In their work they 
point out the possibility to generate MHC at high pressure in rare gases with the 
intention to use them as source of excimer radiation. Stark and Schoenbach [Sta99] 
also show an approach for the use of air. Following works of Shi et al. [Shi99], 
Penache et al. [Pen00] and Stark et al. [Sta00] parallelize these cylindrical MHC 
discharges to generate microarrays. Eden, Park and co-workers [Park01a, Park05, 
Eden05] mainly use a silicon cathode structured with pyramidal cavities 
(50 µm x 50 µm), covered with a polyimide dielectric and a nickel anode (figure 
3.1 b). They show the possibility to generate MHC discharges at high pressures in 
neon, argon, xenon or mixtures with DC and AC (5-20 kHz) excitation, respectively. 
They are able to manage microarrays with up to 500 x 500 pixels. In recent work, they 
present the generation and application of an Al2O3 array [Park05a, Eden05] driven 
with AC excitation. Moreover, they demonstrate the generation of flexible 
microdischarge arrays [Park00]. They apply MHC discharge arrays as active displays, 
for back lighting, as a new type of photodetector and for photonic applications 
[Eden03, Eden05, Eden05a, Park05].  
An approach similar to the MHC is the cathode boundary layer discharge (CBL) 
(figure 3.1 d) established by Schoenbach et al. and Moselhy et al. [Mos04, Scho04]. 
They studied the excimer emission from these plasma sources to demonstrate the 
applicability of CBLs for the generation of intense, large-area, flat excimer lamps. The 
CBL is a high-pressure glow discharge generated, using DC excitation, between a 
planar cathode (250 µm thick) and a ring-shaped anode (100 µm or 250 µm thick) 
made of molybdenum foil. The electrodes are separated by an alumina dielectric 
(250 µm thick) with an opening with the same diameter (0.75 mm and 1.5 mm) as the 
anode. 
The capillary plasma electrode (CPE) discharge (figure 3.1 c) was introduced by 
Kunhardt and Becker in 1999 [Kun99]. They invented the CPE to provide a method 
and apparatus for stabilizing glow discharge plasmas in a wide range of operating 
conditions and pressures [Kun99]. The CPE is driven in a so-called capillary jet mode 
and is generated between two electrodes covered with a dielectric similar to a 
conventional DBD. One or both of the dielectrics are perforated with capillaries which 
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Figure 3.1. Various micro hollow cathode discharge geometries based on [Kog07, 
Bec05], a) cylindrical cavities open and closed b) pyramidal geometry c) capillary 
plasma electrode d) capillary boundary discharge.  
have a diameter of 0.01-1mm and aspect ratios in the order of 10. These capillaries 
determine the properties of the discharge and distinguish them from the DBD [Bec05].  
Also atmospheric pressure plasma jets (APPJ) belong to the area of microplasmas in 
confined geometries. They are ignited in an arrangement of two concentric electrodes 
through which a gas mixture flows. APPJs are not dealt with in detail here, but an 
overview is given in Schütze et al. [Schu98], Becker et al. [Bec05] and Kogelschatz 
[Kog07].  
The area of plasmas driven in artificial cavities also covers the generation of plasmas 
in (micro-) channels, normally carried out in a DBD setup. Plasmas in channels are 
commonly applied as detector, in the field of laser techniques or for the modification 
of the inner-surface properties of the channel. Bass et al. [Bass01] presented the 
generation of a plasma in a square quartz channel with a width of 200 µm or 500 µm. 
The channel is diced in the quartz blade and afterwards enclosed with an unstructured 
quartz plate by bonding with an UV curing glass glue. The setup is arranged between 
two parallel plate copper electrodes and the plasma is generated in helium at 
atmospheric pressure with RF (13.56 MHz) excitation. Bass et al. see a great potential 
in using capacitively coupled microplasmas as a detector for a miniaturized gas 
chromatography system. Park et al. [Park07] introduce plasmas generated in a v-
groove microchannel fabricated in a silicon wafer. The channels have a length of 
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3.8 cm and a cross section of 14 x 20 µm and were integrated with the electrode in a 
dielectric stack. Park et al. show the possibility to generate stable and uniform glow 
discharges in different gases and gas mixtures with AC or pulsed DC excitation. They 
see an application potential in the field of atomic or molecular lasers. Yoshiki et al. 
[Yos02] use a similar setup consisting of two parallel plate copper electrodes for the 
inner-wall modification of capillaries and tubes. They modify quartz tubes with an 
inner diameter of 1-2 mm and on-chip capillaries with a cross section with a depth of 
65-500 µm, a width of 500-5000 µm resulting in a plasma volume of 0.38-12.5 µL. 
The chips are made of quartz or PET (polyethylene terephthalate). The experiments 
were carried out with RF (13.56 MHz) excitation at atmospheric pressure in argon, 
helium and oxygen. They use the inner-wall plasma treatment for the electro osmotic 
flow control on capillary electrophoresis chips. Dziubek et al. [Dzi05, Dzi07] present 
the possibility to generate a stable argon and helium plasma in channels structured in 
polystyrene for the inner-wall treatment of sealed microfluidic components. The 
channels have a length of 20 mm and a cross section of 0.5 x 2.0 mm and are enclosed 
by a glass plate with a copper layer serving as a ground electrode. The second 
electrode is a sharp electrode or another plain electrode. The plasma is ignited with a 
voltage between 5-12 kV, a frequency between 7-9 kHz and a constant gas flow 
between 10-1000 sccm/min. Klages et al. [Kla07] show a similar concept using a DBD 
setup for the uniform modification of enclosed microfluidic channels contained in 
microfluidic chips (thickness usually 0.5-3 mm). They demonstrate the possibility of 
uniform SiO2 coating of channels with a cross section of 300 x 500 µm and a length of 
8 cm. Moreover, they demonstrate the possibility of localized modification of channel 
segments by using localized electrodes.  
A concept similar to the approach in this work is presented by Penache et al. [Pen03, 
Pen03a, Pen04], Geßner et al. [Geß04] and Kreitz et al. [Kre05]. They introduce the 
so-called plasma printing concept which is applied for the area-selective modification 
and functionalization of surface properties, patterned thin film deposition and chemical 
functionalization of insulating materials. The concept is based on a DBD setup 
consisting of a flat, grounded counter electrode which is covered with the substrate to 
be treated (e.g. polymer foils) and a stamp consisting of a structured ceramic or macor 
plate (thickness 250 µm and 500 µm) covered with a mesh electrode (figure 3.2) that 
allows for gas exchange. The plasma is generated at atmospheric pressure with 
medium frequency excitation (10-100 kHz) and needs ignition voltages less than 4 kV. 
As a suggested application, they show the coupling of biomolecules and the area-
selective metallization of polymer surfaces.  
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Figure 3.2. Electrode configuration for the area-selective surface 
treatment used by Penache et al. [Pen04]. 
Finally, Hinze et al [Hin08] show a plasma printing concept which uses a stamp 
consisting of a glass wafer coated with a transparent ITO electrode and a 
lithographically structured photoresist laminated onto the ITO-free site serving as a 
dielectric. Similar to the concept presented in this work, in this kind of arrangement 
the cavities are completely closed and the plasma process is restricted to the gas 
volume enclosed in the cavities.  
3.2 Plasma Modification of Polymers 
Before commercial application many polymeric materials require a form of surface 
modification [Str95]. For this purpose, a large range of functionalization techniques is 
available. These techniques can be classified in four groups: physical 
deposition/adsorption, chemical modification, grafting and plasma treatment [Eur04]. 
The plasma treatment of polymers is a common approach which covers a variety of 
plasma technologies and polymeric materials (e.g. polypropylene (PP), polyethylene 
(PE), polyethylene terephthalate (PET), polyimid (PI), polytetrafluoro ethylene 
(PTFE)). It shows the advantage, that different sizes, shapes, geometries and types of 
materials can be treated and the surface topography and bulk properties are usually not 
affected [Sio06]. First applications can be dated back to the 1960s [Gra03]. The 
plasma driven treatment of surfaces can fulfil many surface engineering objectives 
[She01]. Regarding the plasma treatment of polymers various papers can be found in 
common literature. Typical applications cover the improvement of adhesion, wetting 
or inking and waterproof properties, cleaning and removal of contaminants, 
modification of surface properties/composition, sterilization, the formation of barrier 
films and the creation of new reaction sites [Sar06a, Gra03]. Thereby, high-
performance surfaces may be realized on low-cost substrates like polymers, which 
enable to utilize favourable bulk properties in combination with a functional surface 
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[She01]. This enables an independent optimization of bulk and surface properties 
[Gri90].  
The surface treatment of polymers using low-pressure plasma is well documented in 
literature, e.g. Egitto et al. [Egi94], Griesser [Gri90] and their references. Applications 
are given e.g. by a working group around Charbonnier et al. [Ala96, Cha06, Cha03] or 
Rossi et al. [Ros06]. Charbonnier et al. use a low-pressure plasma modification for the 
pre-treatment of various polymers to enhance the adhesion for the electroless 
deposition of metals. Rossi et al. show the application of low-pressure plasmas to the 
decontamination and sterilization of different surfaces.  
However, in recent years atmospheric-pressure plasma treatment processes have 
gained increasing interest for the surface modification of polymers for industrial 
application. Compared to low-pressure plasmas, they enable low-cost and high-speed 
processing combined with a simple system of operation without the requirement of 
vacuum equipment [Cho05]. A comparison with regard to the effectivity of high-
pressure plasma treatment versus low-pressure plasma treatment of polymer surfaces 
can be found in Shenton et al. [She01], Foerch et al. [Foe91], Strobel et al. [Str95] and 
Sarra-Bournet et al. [Sar06a]. In their works they point out, that both types of plasma 
treatment can be used for the surface functionalization of polymers, but the 
atmospheric-pressure plasma treatment is less efficient and needs longer treatment 
times to achieve an equivalent surface modification, respectively [Foe91, Str95]. 
Sarra-Bournet et al. [Sar06a] show that the low-pressure RF treatment is almost twice 
as efficient as the atmospheric-pressure discharges for the nitrogen grafting on PTFE 
(13% vs. 6-8%). However, regarding the amine grafting, the DBD treated surface 
presents a comparable amount of amino groups compared to the RF plasma-treated 
surface at low pressure, but with less than half of the nitrogen grafted on the surface 
[Sar06a]. Beyond it, the surfaces treated with an atmospheric-pressure plasma show an 
increased roughness compared to the low pressure treated ones [Foe91].  
Regarding the surface treatment of polymers at atmospheric pressure, which is the 
topic of this work, extensive literature is available considering different technologies, 
polymeric materials and a wide range of applications. The most common technology 
for the surface treatment of polymers at atmospheric pressure is the DBD, on which 
the concept of microplasma stamps (see section 5) is based. A comparison of different 
types of DBD discharges and their influence on the treatment of polymer surfaces can 
be found in Massines et al. [Mas98b, Mas01] and Sarra-Bournet et al. [Sar06b]. 
Massines et al. [Mas98b, Mas01] present an examination of three controlled DBD 
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(filamentary, homogeneous and glow) for the treatment of PP surfaces using varying 
excitation frequencies in a helium atmosphere. They point out that the glow discharge 
is more efficient than the others regarding the increase of the surface energy. 
Moreover, the surface transformation is different for all discharge types, which can be 
related to the characteristic of the discharges. Similar investigations have been made 
by Sarra-Bournet et al. [Sar06b], comparing a so called atmospheric pressure 
Townsend discharge (APTD) with a filamentary DBD in a gas mixture containing N2 
and H2. They also observe that the DBD and the APTD lead to very different surface 
chemistries. Moreover, their experiments show, that the filamentary DBD (N/C~0.1) 
treatment is not as efficient as the APTD (N/C~0.15) in terms of magnitude as well as 
homogeneity of the modification and shows a higher roughness. However, as 
described above the DBD treatment is very efficient for the grafting of amino groups.  
Beyond it, several publications can be found in literature investigating the 
atmospheric-pressure plasma treatment of polymers and its effect on the polymer 
surface. A working group around Esrom and Seeböck investigates the surface 
modification of polyimide (PI) using an air DBD plasma treatment at atmospheric 
pressure [See01] and its application as pre-treatment for the electroless deposition of 
metals [Esr00]. They observe an increased roughening of the surface and an increase 
of the O and N concentration on the surface. Similar results have been obtained by Cui 
et al. [Cui02], who examine the modification of PP film surfaces using an air DBD 
plasma. They observed an oxidation of the surface after the air-plasma treatment as 
well as an increased roughness of the treated polymer with increasing process time. 
The progress of the oxidation led to an improval of the surface wettability due to an 
increase of the surface free energy. Cui et al. demonstrate that in contrast to the 
roughness the chemical changes terminates after ~25 % of the surface carbon is 
oxidized. Several investigations regarding the effect of the plasma treatment using 
nitrogen containing gases on the polymer surface are made by a working group around 
Borcia. In Borcia et al. [Bor03] they discuss the effects of a dielectric barrier discharge 
treatment in air on various polymers in film and fibre form. They observe an increase 
in wettability for all tested polymers, which reaches a steady level after 0.1-0.2 s. For 
most of the treated polymers a further increase of wettability for treatment times of 
more than 1.0 s is not significant. Further XPS measurements show a surface oxidation 
after DBD treatment, which increases for similar treatment times the higher the energy 
deposited by the discharge and with increasing processing time. In later works Borcia 
et al. [Bor05] examine, report and discuss the effects of an N2-DBD treatment of 
polyethylene surfaces and compare their results to those previously achieved by air-
DBD treatment. They show a similar behaviour for air and N2 with a very steep 
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increase of wettability due to hydrophilization by the incorporation of polar functional 
groups. For both types of plasma the extent of modification was found to level out 
with exposure duration. Regarding the chemical composition they observe an N2 signal 
for nitrogen treated samples, whereas the air plasma treated sample only shows effects 
of surface oxidation. In another work [Bor06] they examine the effects of He and 
He+N2- DBD treatment on the surface of high density polyethylene (HDPE). Their test 
series covers the influence of various gas mixtures (0-30%N2) and different exposure 
times up to 30 s on the treatment of HDPE. The measurements show that the 
morphology of the surfaces is similar for He and He+N2 treated surfaces. The treated 
surfaces presented an increased roughness, an effect which is favourable for the 
physical adsorption, the surface wettability is considerably enhanced after treatment 
and the surface hydrophilization is remarkably stable with aging time for all tested 
He+N2 mixtures. Moreover, they observe a significant incorporation of nitrogen up to 
~12 at.%, demonstrating that the implantation or generation of nitrogen-related 
functional groups by atmospheric pressure is possible without an enclosed reactor 
chamber. In both works they prove, that the surface treatment with durations of a few 
seconds does not lead to a significant damage of the surface. 
The literature dealt with above regards the modification of entire surfaces only. 
Another approach considered by Penache et al. [Pen04], Hinze et al. [Hin07, Hin08], 
Lucas et al. [Luc08b-f] and Möbius et al. [Möb07, Möb08] is the selective plasma 
modification of polymer surfaces known as plasma printing at atmospheric pressure. 
Their approaches enable the lateral structuring and plasma modification of surfaces in 
one process step. For this purpose Penache et al., Hinze et al. and Lucas et al. use a 
DBD setup containing a patterned dielectric barrier to generate spatially defined 
plasmas and with it a selective surface modification. Unlike Penache et al., Hinze et al. 
and Lucas et al., Möbius et al. use a patterned metallic electrode.  
As described in the literature survey above the nature of the discharge affects the 
surface properties. On this account, the plasma treatment of polymer surfaces is often 
used to incorporate chemically reactive functionalities onto otherwise non-reactive 
substrate surfaces [Sio06]. Depending on the process conditions and the substrate, 
deposition, substitution or etching can dominate the plasma treatment process [Sio06]. 
For the plasma modification of surfaces various gases (e.g. O2, N2, NH3, H2, CO2, CF4, 
air, noble gases, etc.) can be used, depending on the desired functionality [Gra03]. 
However, it has to be regarded, that the polymer surface treatment with one of these 
gases does not produce a unique functionality on the surface. In general a diversity of 
functional groups is generated, which can be shifted in favour of a specific functional 
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group. Primarily the plasma surface treatment results in the oxidation of the surface by 
the generation of functional groups like: alcohol (R-OH), hydroperoxides (R-O-O-H), 
aldehyde (R-CHO) carbonyl (R-CO), ester (R-COOR), peroxy (R-COO•), acid (R-
COOH) and carbonate (R1-O-C(O)-O-R2) [Dor03]. The use of nitrogen containing 
gases like N2, NH3, or combinations of N2 and H2 mixtures also enables the generation 
of nitrogen containing groups like amine (R-NH2), imine (R1R2C=NR3), nitrile (R-
C≡N) or carboxyl acid amide (R-CO-NH2) [Sio06, Mas01]. The relative concentration 
of these generated functional groups generally depends on the plasma parameters and 
the gas composition for a given polymer being processed [Gra03, Dor03].  
As to the surface treatment in oxygen containing gases, according to Massines et al. 
[Mas01], it has to be considered that the oxygen present in the gas atmosphere controls 
the surface chemistry and the level of surface transformation is limited. They show, 
that small quantities of O2 (0.175 %) increase the percentage of oxygen bonded to the 
surface by the factor 2, but divides that of nitrogen by the factor 5. This behaviour is 
independent from the discharge type. In general the oxygen/nitrogen plasma treatment 
of polymer surfaces increases the surface energy and with it the hydrophilicity of the 
surface [Dor03, Cho05]. In contrast the polymer surface treatment with fluorocarbon 
leads to a decrease of the surface energy by the generation of CF2 or CF3 functional 
groups. This increases the hydrophobicity of the polymer surface and makes it more 
chemically inert [Dor03, Cho05].  
An important point related to the plasma treatment of polymers is ageing. It has often 
been observed, that additional processes occur subsequent to plasma treatment on the 
polymer surface, which lead to substantial changes in their surface chemical 
composition and properties. Processes commonly attributed to this effect are: the 
surface reorientation and a post-plasma oxidation, due to the exposure to an oxidizing 
environment [Dor03, Gra03, Sio06]. The post-plasma oxidation is initiated by a 
reaction between remaining radicals and in-diffusing atmospheric oxygen [Sio06].  
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4 Materials and Processes 
A multiplicity of the microplasma sources presented in section 3.1 is generated by the 
use of microtechnical production processes known from the semiconductor industry or 
micromachining. Microplasma stamps are generated by combining these technologies 
with softlithography. In the following a survey on the basic properties of the materials 
used for the generation of microplasma stamps and on the general processing of the 
materials is given. It will be reverted to some of the material data in section 6.2. 
Moreover, this section describes an optimization of the processes for the generation of 
microplasma stamps as well as novel processes. 
4.1 The SU-8 Photoresist 
SU-8 is a negative tone, epoxy based, UV sensitive photoresist. It has been designed 
for the high aspect ratio lithography of ultra-thick resists and is applied in the fields of 
microsystem and microelectronic technology. In recent years SU-8 has gained an 
outstanding position in the field of deep UV lithography in research and industry. 
Compared to the thick film resists known from the field of LIGA (Lithographie, 
Galvanik, Abformung)-technology SU-8 offers a low-cost process. It allows the 
generation of LIGA type structures without the need of cost intensive synchrotron  
x-ray sources and mask techniques [Lor97, Lor98a].  
SU-8 is based on the EPON® SU-8 epoxy resin, which has been originally developed 
and patented (US Patent No. 4882245) in 1989 by the IBM-Watson research centre 
(Yorktown Heights, New York) [Gel89]. EPON® SU-8 epoxy resin is a 
multifunctional glycidyl ether derivative of bisphenol-A novolac, which provides an 
epoxy group functionality of 8 (see figure 4.1). The number of epoxy group 
functionalities describes the number of epoxy groups involved in the cross-linking 
process and influences the cross-linking density [Sha97]. Moreover, it is a degree for 
the stability of the epoxy resin in the polymerized state. 
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Figure 4.1. Structure of the SU-8 epoxy resin according to [Sha97, Sei03]. 
In this work the formulations of MicroChem Corporation have been used, which 
consist like all commercially available SU-8 formulations of three components:  
1) EPON SU-8 resin (Shell Chemical) 
2) Triarylsulfonium salt as photoactive compound 
3) γ-butyrolactate (GBL) or propylenglycolmethyletheracetate (PGMEA) or 
cyclopentanone (CP) as organic solvent, responsible for the viscosity 
MicroChem Corporation offers various formulations (e.g. SU-8 5, SU-8 25, SU-8 50, 
SU-8 100). The last classification number increases with augmenting viscosity and is 
an indicator for the achievable layer thicknesses at defined spin speeds.  
The high viscosity of SU-8 allows the generation of thick layers up to 2 mm [OBr01, 
Con02]. The obtainable layer thickness with one spin process is in the range of up to a 
few 100 µm. Higher thicknesses can be achieved in a multilayer process (see section 
4.1.1) [Lor98a, Con02]. One advantage of SU-8 for the spin process is the capability to 
self-planarize during prebake. Thus, edge-beads are eliminated and a good contact 
between mask and resist can be realized during contact lithography [Lor98].  
SU-8 is commonly processed in the near UV range (365-425 nm) because it shows a 
very low absorption in this range [Sei03]. Thus, a relatively good exposure dose can be 
achieved uniformly over the entire thickness, which enables a high lithographic 
contrast, vertical sidewall profiles as well as a good dimensional control over the entire 
resist thickness [Lor98]. Beyond it, SU-8 is capable of producing high aspect ratio 
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structures with vertical profiles up to aspect ratios in the range of 60:1 [Fel07]. It 
offers an excellent chemical resistance and mechanical properties as well as a high 
thermal stability [OBr01, LaB95].  
However, SU-8 shows some disadvantages. The adhesion on several materials (e.g. 
glass, nitrides, oxides) is poor and the SU-8 tends to delaminate on these materials 
[Con02]. Tensile stress is introduced after prebake, by the difference of the thermal 
expansion coefficients of the wafer and the SU-8, which results in a bending of the 
wafer, if the resist thickness is in the range of the wafer thickness [Lor98]. Once cross-
linked SU-8 is chemically stable to most acids and other solvents, which makes it 
difficult to remove [Con02]. Recent advances to overcome this problem are an SU-8 
stripper by Sotec Microsystems [Con02], the use of aggressive solvents at high 
temperatures and pressures or dry etching processes [Fel07, Sic06]. But in the majority 
of cases these possibilities are not process compatible. In general they use high 
temperatures, are non-selective and often not effective.  
Summing up, SU-8 shows very good properties for applications, where the SU-8 is 
used as functional or permanent material, combined with conventional processes and 
materials used in the field of microtechnology. 
4.1.1 Processing of SU-8 
The general processing of SU-8 starts with a spin on process. For this process a spin 
on coater with rotating cover (Gyrset®) is used. The spin on process covers two steps. 
In the first step 4 ml of the applied photoresist are evenly spread over the wafer with 
400 rpm. In the second step the spin speed is increased to achieve the desired resist 
thickness. To achieve a conformal coating the minimum spin speed in this step is 
restricted to 500 rpm [Fel07]. As it can be seen in figure 4.2 it is possible to achieve 
layer thicknesses between 5 µm and 300 µm in one spin on step by appropriate choose 
of the SU-8 formulation.  
Afterwards, the wafer is levelled on a plane plate covered with a glass lid for up to 
30 min, to minimize irregularities in thickness and edge beads. For thick layers a 
multilayer process is advantageous to further improve the minimization of 
inhomogeneities and edge beads [Fel07]. The spin on step is followed by a prebake. In 
this step the wafer is heated up to 100 °C on a hotplate to remove the solvents included 
in the photoresist. This step is a non-critical step. The prebake time depends on the 
resist thickness and can generally be increased without problems because a  
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Figure 4.2. Approximated spin speed curves for SU-8 
based on measured nodes for EPON® SU-8 5, 25 and 50 
achieved with a Gyrset® spin coater, according to [Fel07]. 
polymerization does not take place without a catalyst. To achieve layer thicknesses 
greater than 300 µm another SU-8 layer can be spun onto the wafer after drying. In 
this case it is important to consider that the layer thickness increase for the same spin 
speed. Moreover, SU-8 multilayers do not show transitions between several layers.  
In the subsequent exposure step the photoresist is exposed through a chrome mask 
using UV radiation. Feldmann [Fel07] determined an optimal exposure dose 
dependent on the layer thickness in the range of 4-8 mJ/(cm2·µm). The exposure leads 
to the generation of an acid called Lewis-acid by the photoactive compound. This acid 
catalyzes the cross-linking process, which is a polyaddition reaction. Because SU-8 
has a glass transition temperature of Tg=50 °C the cross-linking process has to be 
carried out at elevated temperatures. In general a post exposure bake (PEB) is carried 
out on a hotplate at 95 °C for 45 min, including a temperature ramp starting at 50 °C, 
after exposure. This leads to a polymerization of the exposed areas. For the generation 
of complex 3D-structures another layer can be spun on and processed as described 
above.  
The development of SU-8 is carried out in GBL and PGMEA, which dissolve the 
unpolymerized regions of the photoresist. The development is followed by a rinsing 
process in clean PGMEA and 2-propanol. A detailed description of the processing and 
the appendant chemistry is given in Seidemann [Sei03] and Feldmann [Fel07].  
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4.1.2 Application of SU-8 for the Generation of Master Structures 
In the scope of this work SU-8 has been chosen as photoresist for the generation of 
master structures for the double-sided moulding of PDMS (see section 4.2.3.2) 
because of its favourable characteristics. Moreover, SU-8 allows the generation of 
defined layer thicknesses over a wide range and with it ensures reproducible results. 
For the double-sided moulding two master structures are required. In this work master 
structures based on a black ceramic substrate are used as well as flexible master 
structures simply consisting of SU-8.  
4.1.2.1 Black Ceramic Master Structures 
For the generation of ceramic master structures (figure 4.3-4.5) used for the replica 
and double-sided moulding of PDMS (see section 4.2.3), black ceramic wafers 
(ADOS-90R, CoorsTek, Inc.) are used as carrier substrate as they prove to be more 
suitable than the commonly used glass wafers, by remaining cost-effective. Compared 
to glass wafers (3.25 ppm K-1) they show a higher thermal expansion coefficient 
(6.4 ppm K-1) which minimize the difference to those of SU-8 (52 ppm K-1). Thus, the 
tensile stress introduced during PEB (see section 4.1) can be minimized and thereby a 
possible delamination of SU-8 structures from the carrier substrate can be avoided. 
Moreover, SU-8 shows a better adhesion on the ceramic master structures. Compared 
to common white ceramic substrates, the black ceramic shows a higher absorption 
whereby artefacts due to diffusion and reflection as described in Sichler [Sic06] can be 
avoided. One disadvantage of black ceramic is the increased roughness (Ra=1.14 µm) 
compared to glass.  
 
Figure 4.3. Black ceramic master 
structure. 
 
Figure 4.4. SEM image of an 
array with cylindrical columns 
(diameter: 500 µm, height: 
250 µm) on the ceramic SU-8 
master structure. 
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Figure 4.5. Process flow for the generation of black ceramic master structures made of 
SU-8. 
Because this roughness has a negative impact on the moulding of PDMS the ceramic 
substrate has to be covered with a compensating layer first. For this purpose, a thin 
SU-8 layer (SU-8 25, 2500 rpm) is generated on top of the black ceramic and flood-
exposed to UV radiation (figure 4.5 a and b). Directly after the PEB (95 °C, 45 min) 
the SU-8 layer for the generation of the moulding structures is spun on (figure 4.5 c). 
Thereby, the chosen SU-8 formulation, the spin speed and the number of spin on 
processes with following prebake steps depend on the required structure height. 
Afterwards, the SU-8 photoresist is exposed through a chrome mask featuring the 
desired structures (figure 4.5 d). To minimize tensile stress the wafer should rest for 
24 h between the PEB and the development.  
4.1.2.2 Flexible SU-8 Master Structures 
As shown in section 4.2.3.2 the double-sided moulding of PDMS requires a flexible 
master structure. Moreover, the double-sided moulding between two patterned master 
structures requires a flexible master structure that can be structured by means of 
microtechnology for some applications. To overcome this problem a process to 
generate flexible, multilayer SU-8 master structures (figure 4.6 and 4.7) has been 
developed [Luc05], which enables the generation of patterned or non-patterned SU-8 
master structures. SU-8 has been chosen as material because of its low Youngs 
modulus (4.02 GPa [Lor97]) and its favourable properties.  
Processing of Flexible SU-8 Master Structures 
The generation of SU-8 master structures is based on a sacrificial layer process and is 
illustrated in figure 4.8. The processing starts with the deposition of a 200 nm thin 
PECVD silicon nitride layer onto a glass wafer (Borofloat® 33) (figure 4.8 a). This 
layer serves as sacrificial layer and enables a uniform coating of the glass wafer with  
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Figure 4.6. Patterned master structure 
made of SU-8. 
 
Figure 4.7. Flexibility of SU-8 
master structures. 
SU-8. Silicon nitride has been chosen as sacrificial layer because SU-8 tends to 
delaminate from it after PEB, which is a favoured property. Beyond it, different other 
thin films (Cr, Al2O3, Cu, Au) were tested with low or without success. Afterwards a 
360 µm thick SU-8 layer is generated onto the wafer, which builds the base of the 
flexible SU-8 master at the end of the process (figure 4.8 b-d). For this purpose, two 
SU-8 50 layers are spun on (900 rpm) and prebaked (100 °C) in succession. Before the 
prebake each layer is evened out for some hours on a levelled surface allowing the 
fluid photoresist to planarize and with it to minimize edge beads. Subsequently, the 
SU-8 layer is flood-exposed to UV radiation to generate a continuous non-soluble 
polymer layer, followed by a PEB on a hotplate. A development of the SU-8 layer 
after PEB is not required because no soluble SU-8 parts are left.  
To generate structures on top of the continuous SU-8 layer for the double-sided 
moulding process with two patterned master structures, another SU-8 layer is spun 
onto the wafer and prebaked at 100 °C (figure 4.8 e). The spin speed depends on the 
desired layer thickness. This SU-8 layer is exposed to UV radiation through a chrome 
mask and a PEB is done on a hotplate at 95 °C. The development of this SU-8 layer is 
performed in GBL and PGMEA. During the development the non-polymerized resin is 
dissolved, leaving the geometry to be moulded (figure 4.8 f). 
Eventually, the SU-8 master structure is separated from the carrier substrate by 
removing/etching the sacrificial silicon nitride layer in hydrofluoric (HF) acid (20 %) 
(figure 4.8 g). Before the separation process the wafer should rest around 5 days to 
minimize tensile stress and thus avoid a destruction of the wafer during separation. 
High tensile stress accelerates the separation process, but it can cause cracks in the 
SU-8 wafer since in most cases the delamination starts punctually.  
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Figure 4.8. Process flow for the generation of SU-8 master structures. 
 
Possibilities to Counter the Bending of the Glass Wafer Caused by Tensile Stress 
One problem involved with the processing of flexible SU-8 master structures is a 
strong bending of the whole glass wafer, which is disadvantageous for the following 
process steps, particularly those working with vacuum chucks. The bending is a 
consequence of the high tensile stress, which is introduced during PEB because of the 
different thermal expansion coefficients of the glass wafer (3.25 ppm K-1, 
Borofloat®33) and the SU-8 (52 ppm K-1) [Con02, Lor98]. Thereby, large amounts of 
stress are caused at the material interface due to shrinkage of the resist while cross-
linking during the PEB [Con02]. The bending of the wafer is strongly influenced by 
the cross-linked area. As shown in Lorenz et al. [Lor98] the bending increases with an 
increase of the exposed area. Moreover, they show that the bending can be reduced by 
decreasing the PEB temperature, reducing the illuminated area (optimized mask 
layout) or by choosing substrates with a better thermal match to SU-8.  
In the case of SU-8 master structures glass wafers are used as carrier substrate. Glass 
wafers offer an easy handling, are cost-effective and have a plane surface, but they 
tend to bend during PEB. To minimize this bending various test series were carried 
out. For this purpose several glass wafers were coated with a 360 µm thick SU-8 50 
layer and were flood-exposed with the same exposure dose (7.6 mW/cm2, 100 s). To 
determine the bending of the glass wafer the back-side of the SU-8 coated wafer was 
scanned with a Tencor P-10 profilometer after PEB. For each wafer four gradients 
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were taken over a distance of 60 mm, radiant from the centre to the edge of the wafer 
in 90° steps (see figure 4.9). Afterwards, the average value was calculated.  
In the first test run the PEB temperatures and times were varied using glass wafers 
with a constant thickness of 1.1 mm. Figure 4.10 shows that the bending decreases for 
lower PEB temperatures as described in Lorenz et al. [Lor98]. In the second test run 
the glass wafer thickness was varied using the same PEB temperature and time (95 °C, 
45 min). As expected, Figure 4.11 shows that the bending decreases for increasing 
substrate thickness because of the increasing geometrical moment of inertia. 
Concerning both test series, the minimum bending after PEB could be observed for the 
2.75 mm thick glass wafer.  
 
 
Figure 4.9. Schematic view of the measurement procedure.  
 
 
Figure 4.10. Bending of the glass wafer (1.1 mm) after PEB 
with different temperatures and times. 
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Figure 4.11. Bending of glass wafers with different thickness 
after PEB at 95 °C for 45 min. 
As to the patterned SU-8 master structures, subsequent to the PEB another SU-8 50 
layer has to be spun on (900 rpm) the wafer to generate the patterns. Because of the 
high temperatures (100 °C) during prebake additional tensile stress is introduced into 
the wafer. To enable a correct handling and exposure of the sample, the stress should 
be kept small. As presented in figure 4.12, the PEB temperature does not influence the 
bending. Both 1.1 mm wafers show nearly the same bending after prebake. However, 
during the processing of the patterned SU-8 master structures it turned out that a PEB 
at 75 °C for 90 min is advantageous for the following separation process in 
hydrofluoric acid because the yield of undamaged wafers is much higher. Figure 4.13 
shows the bending of different thick glass wafers after PEB and prebake. In this test 
series, the bending increases for all wafer thicknesses (figure 4.13). The minimum 
increase could be observed for the thickest glass wafer (2.75 mm).  
Based on this results it has been decided to use 2.75 mm thick glass wafers for the 
processing of SU-8 master structures. For the non-patterned SU-8 master structures a 
common PEB is used, for the patterned ones the temperature for the first PEB is 
reduced to 75 °C. A further increase of the bending during the second PEB does not 
have to be considered because afterwards no more process steps are required. It has to 
be assumed that the usage of thicker glass wafers leads to better results, but they 
cannot be handled in most devices of the process equipment. 
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Figure 4.12. Bending of the glass wafer after PEB (75 °C, 90 min 
or 95 °C, 45 min) and prebake (100 °C, 4 h) for a 1.1 mm glass 
wafer. 
 
 
Figure 4.13. Bending of glass wafers with different thickness after 
PEB (95 °C, 45 min) and prebake (100 °C, 4 h).  
 
https://doi.org/10.24355/dbbs.084-201901221456-0
4 Materials and Processes 
48 
4.2 Polydimethylsiloxane 
In the field of microtechnology, particularly microfluidics and microoptics 
polydimethylsiloxane (PDMS) has gained increasing interest in the last years. The 
main reason is that compared to common microtechnological processes the fabrication 
of systems with PDMS is easy and enables a time and cost saving prototyping and 
manufacturing. 
4.2.1 Properties 
PDMS is a two-part silicon elastomer, which was originally developed for the 
protection of electrical and electronic devices [Dow00]. It shows good dielectric 
properties: a dielectric strength of 21 kV/mm and a dielectric constant of 2.7 stable 
over a wide frequency range [Dow00]. Moreover, PDMS has become a suitable 
material for prototyping in the field of lab-on-a-chip, microfluidic and microoptical 
devices. This relies on the favourable characteristics of PDMS, which is durable, 
optically transparent (λ≥300 nm), non-toxic, bio-compatible, permeable to non-polar 
gases, commercially available and inexpensive. It provides easy handling and can be 
bonded to itself and a series of other materials after oxygen or air plasma treatment 
[Xia98, McD02, Whi01, Whi98]. Beyond it, the main advantage of PDMS is its wide 
operational range over a temperature range from -45 °C to 200 °C for long time 
periods. Furthermore, PDMS has a high elasticity, which allows it to be released easily 
even from complex and fragile structures. Also the demoulding from structures 
featuring undercuts is possible with confinements. PDMS has a surface low in 
interfacial free energy (ca. 21.6·10-3 Jm-2) and is chemically inert so that most surfaces 
do not adhere irreversibly or react with PDMS [Whi98]. An overview of the 
significant properties of PDMS is given in table 4.1.  
One disadvantage of PDMS is its swelling in organic solvents, which is undesirable, as 
it changes the geometric parameters of the moulded structures and the surface 
properties. However, a detailed study given in Lee et al. [Lee03] demonstrate that 
PDMS swells only to a minimum extent or not at all in solvents like acetone and the 
alcohols (e.g. ethanol, 1-propanol) commonly used for cleaning processes. 
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Table 4.1. Properties of PDMS, for a standard mixture (10:1), cured  
at 60°C for 4 h. 
Property Value 
Viscosity Siloxan-Oligomer [Dow00] 5500 mPa.s 
Viscostiy 10:1 mixture[Dow00] 4000 mPa.s 
Pot time [Dow00] 2 h 
Service range [Dow00] -45 °C - 200 °C 
Youngs modulus [Arm99] 370-870 kPa  
(750 kPa for 1:10) 
Poisson ratio [Arm99] 0,5 (1:10) 
Shear modulus [Loe97] 250 kPa (1:10) 
Tensile strength [Dow07] 7.1 (6,2) MPa 
Yield strength [Cha07] 130 kPa 
Thermal conductivity [Dow00] 0.17 W/(m K) 
Coefficient of thermal expansion 
[Syl07] 
9.6x10-4 1/K 
Density [Arm99] 918-987 kg/m³ 
(920 kg/m³ for 1:10) 
Dielectric constant [Dow00] 2.75 
Dielectric strength [Dow00] 21 kV/mm 
Considering the removal or etching of cured PDMS, Garra et al. [Gar02] show that 
PDMS can be removed and structured, respectively, by dry or wet etching processes. 
The wet etching is commonly carried out in tetrabutylammonium fluoride (TBAF) and 
n-methyl-2-pyrrolidinone (NMP) using a mixture of 1:3 (TBAF:NMP). The dry 
etching process is carried out in a 25 % O2 and 75 % CF4 plasma at 200 W RF power. 
As regards the structuring of cured PDMS, it has to be considered that both etching 
processes result in an increased surface roughness of the treated PDMS areas. 
4.2.2 Polymerization 
In this work the elastomer kit Sylgard® 184 from Dow Corning Inc. is used. It consists 
of two components, a siloxane oligomer (component A) and a curing agent 
(component B). Both components are generally mixed in a mixing ratio of 10:1 (A:B), 
according to the manufacturers instructions. The polymerization of PDMS proceeds by 
a hydrosilylation reaction (see figure 4.14), where the vinyl groups (CH2=CH-) of the 
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Figure 4.14. Polymerization reaction of PDMS according to [Lin00]. 
siloxane oligomer form covalent bonds with the hydrosilane (SiH) groups of the curing 
agent [Liu07]. Because of the multiple reaction sites a three dimensional network is 
generated.  
The cross-linking reaction is catalyzed by a platinum-catalyst (Karsted catalyst) 
contained in the curing agent [Ste91, Lew97, Gra04]. The platinum catalyst serves as 
docking station for both reaction partners, which left the platinum catalyst linked after 
the reaction [Wir02]. The reaction is a polyaddition reaction at which no by-products 
are produced.  
The cross-linking can generally take place at room temperature, but it can also be 
accelerated by using increased curing temperatures. Furthermore, the cross-linking is 
strongly influenced by the ratio of siloxane oligomer to curing agent. If this ratio is 
increased the Young´s modulus decreases, which leads to a softer material [Liu07].  
4.2.3 Soft Lithography 
Soft lithography has been established by Xia and Whitesides [Xia98, Whi98] with the 
aim to provide an effective and low-cost method for the formation and manufacturing 
of micro- and nano-structures. Compared to conventional photolithographic techniques 
used for the fabrication of microsystems, it is accessible to a wider range of users and 
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enables quasi three dimensional structures, the generation of patterns on non-planar 
surfaces as well as a large variety of materials and surface chemistry.  
Soft lithography covers a set of techniques that are based on the moulding and printing 
using elastomeric stamps which contain the patterns of interest [Whi01]. The replica 
moulding used in this work enables the generation of PDMS replicas by moulding 
from a master structure and is described in detail in section 4.2.3.1. The microcontact 
printing (µCP) uses a patterned PDMS layer as stamp to form patterns of self-
assembled monolayers (SAMs) on the substrate surface by contact. For this purpose 
the stamp is preliminarily wetted with a solution containing the desired molecules, 
which are able to be self-assembled. The microtransfer moulding (µTM) and the 
micro-moulding in capillaries (MIMIC) are similar to each other. For the µTM a 
PDMS mould is used, which is filled with a liquid pre-polymer. Subsequently, the 
mould is placed in contact with the substrate to be treated. In contrary to µTM the 
PDMS mould for MIMIC has to have open channels. For the pattern transfer the 
PDMS mould is first brought in contact with the substrate to be treated. Then a low-
viscosity pre-polymer is placed at the open ends of the channels, which spontaneously 
fills the channels. In both cases the pre-polymer is cured by heating or UV radiation. 
The demoulding of the PDMS layer left behind a patterned microstructure. The solvent 
assisted moulding (SAMIM) uses a PDMS mould which is filled with the solvent and 
brought into contact with the substrate (e.g. organic polymers). The solvent dissolves 
or swells the substrate and thereby transfer the pattern.  
4.2.3.1 Replica Moulding 
Replica moulding also belongs to the soft lithographic methods. Compared to the 
techniques described in section 4.2.3, where a PDMS replica is used as tool, replica 
moulding is a method to generate those patterned PDMS replicas/tools by moulding. It 
is an efficient method for the duplication of information (shape, structure) present on 
the master structure [Xia98, Whi98]. Moreover, it allows the duplication of three 
dimensional structures in a single step, as well as the duplication of complex structures 
with nanometer resolution [Xia98].  
For the replica moulding technique a master structure is needed, which can be made of 
a variety of materials. Depending on the dimensions of the desired structures and the 
application, the master can be generated by conventional microtechnologies such as 
micromachining, e-beam writing, photolithographic techniques or etching. Also a 
PDMS mould can be used as master. The master structures are reusable and can be 
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applied for the generation of more than 50 PDMS replicas [Xia98]. Xia et al. 
additionally silanized the master structures to enhance the reusability and the 
demoulding. Regarding the application of SU-8 master structures Wilke [Wil06] 
shows in his work that this step is not necessary and does not influence the durability 
of the master.  
The replica moulding process using photolithographically structured master structures 
is illustrated in figure 4.15. To generate a PDMS replica the two parts of the PDMS kit 
are mixed together as described in section 4.2.2. The bubbles generated by mixing 
both components are removed by degassing the PDMS in a vacuum chamber. 
Subsequently, the PDMS pre-polymer is poured over the master structure. The PDMS 
conforms to the shape of the master and replicates its features with high resolution 
(tens of nanometer) [McD02]. Possible gas inclusions can be removed by degassing in 
a vacuum chamber. For the following cross-linking the master is normally heated on a 
hotplate at 60 °C for 1 h. Afterwards, the PDMS can be removed from the master 
structure. The demoulding of PDMS is benefited by its favourable properties (e.g. high 
elasticity) described in section 4.2.1.  
4.2.3.2 Double-Sided Moulding of PDMS 
The double-sided moulding of PDMS is a special case of replica moulding. The 
conventional replica moulding process shows the following disadvantages: It is hard to 
control the properties of the upper and lower surface of the moulded layer to be 
parallel, i.e. particularly the upper surfaces may show slightly convex or concave 
surfaces depending on the moulding form. This makes it nearly impossible to achieve 
two coplanar surfaces over the whole surface area. Considering the generation of 
PDMS layers with defined thicknesses, only unstructured PDMS layers can be 
generated with a defined thickness by the use of spinning processes. For this purpose 
spin speed curves have to be recorded. However, it is not possible to define or adjust 
the thickness of a PDMS layer on top of a desired structure (i.e. membrane thickness)  
 
 
Figure 4.15. Schematic view of the replica moulding process. 
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or the thickness of a structured PDMS layer itself. Moreover, it is not possible to 
structure both sides of a PDMS layer in one moulding step and it is hardly possible to 
generate openings/vias.  
The double-sided moulding of PDMS overcomes these disadvantages and with it 
offers new opportunities for the design, development and fabrication of microsystems. 
Furthermore, the double-sided moulding between two patterned master structures 
reduces the fabrication complexity and time because one bonding step can be avoided. 
State of the Art 
Several double-sided moulding methods described by Jo et al., Anderson et al. and 
Park et al. [Jo00, And00, Park06] can be found in literature. Jo et al. [Jo00] use a 
sandwich moulding configuration for the double-sided moulding to generate thin, flat 
layers with openings. Therefore, the pre-polymer is poured on a master structure and 
then covered by a transparency film. The prepared master is clamped in a sandwich 
including a flat aluminum plate, a pyrex wafer and a rubber sheet. The whole 
configuration is cured on a hotplate for 3 h at 100 °C. Anderson et al. [And00] present 
a method to make thin membranes (<20 µm). For this purpose they use two structured 
masters, one made of silicon and one made of PDMS which feature alignment 
structures. To generate thin membranes a drop of the PDMS pre-polymer is put on the 
bottom master (silicon). The top master (PDMS) can slid on the pre-polymer until it 
falls in its alignment structures. Afterwards pressure is applied to the setup and the 
PDMS is cured at 75 °C for 1 h. Park et al. [Park06] use a system combining a 
moulding and an aligning part. The aligning part consists of an alignment system using 
precise motion stages (x-y-θ) for the lateral alignment of the master structures. The 
moulding part consists of a clamp and wafer chucks to stack the two master structures. 
It can be fixed on the aligning part for the alignment. For the double-sided moulding 
both master structures with the PDMS in between are positioned in the moulding part 
and fixed on the alignment system. The masters are aligned to each other under a 
microscope using windows provided in the moulding part. Afterwards, the masters are 
stacked and the clamped moulding system is cured in an oven for 2 h at 120 °C. 
The Double-Sided Moulding Setup 
The approaches presented above demonstrate good possibilities for the double-sided 
moulding particularly related to the lateral alignment of two patterned master 
structures. However, they are mainly developed to generate thin membranes with 
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openings and do not consider a horizontal alignment. In the scope of this work an 
improved double-sided moulding process has been developed, which provides the 
opportunity to form PDMS membranes with two (patterned or non-patterned) coplanar 
surfaces with a defined intermediate layer thickness [Luc08a].  
For this purposes a special double-sided moulding device shown in figure 4.16 has 
been designed. It features two vacuum chucks made of aluminum for the arrangement 
of the master structures. The lower chuck is integrated in an aluminum plate and can 
be levelled with four screws (figure 4.16 b). Around the lower vacuum chuck an 
additional channel is embedded on the bottom plate in order to collect excessive 
PDMS. The upper vacuum chuck is designed as a flap integrated in a frame with hinge 
joints. The frame is mounted with three micrometer screws on three chamfer screws 
(figure 4.16 c). To avoid dislocations, four helical springs have been positioned in each 
angle of the device between the lower and upper chuck (figure 4.16 a). The 
micrometer screws enable the adjustment of both master structures to each other and 
provide an accuracy of 2 µm. The alignment covers the compensation of wedge errors 
and the definition of the projected membrane thickness between the master structures. 
For this purpose the state, in which both master structures are in contact with each 
other (zero point), has to be determined first (figure 4.17 a). This is carried out with a 
circuit indicator, which has been installed between the frame of the upper chuck and 
each chamfer screw. As long as the micrometer screws are in contact with the chamfer 
screws three diodes glow. At the moment when both master structures are in contact 
with each other, each of the micrometer screws are raised out of the chamfer screws, 
the circuit is disconnected and the diode light turns off. Afterwards, the desired 
distance between the master structures can be adjusted by the help of the micrometer 
screws (figure 4.17 b). The adjusted distance defines the thickness of the intermediate  
 
a) b) c) 
 
Figure 4.16. Double-sided moulding device a) closed b) opened c) detailed view 
micometer and chamfer screw. 
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Figure 4.17. Schematic view of double-sided moulding a) adjustment of the zero 
point b) adjustment of the distance between two master structures. 
or upper membrane layer. For the generation of apertures, the distance is set to the 
zero point.  
To accelerate the curing of the PDMS the moulding device is provided with a circular 
ThermofoilTM from Minco Corporation. The ThermofoilTM allows heating of the lower 
vacuum chuck up to 60 °C. This enables the accomplishment of a complete curing of 
PDMS within one hour instead of 24 hours at room temperature. 
The Double-Sided Moulding Process 
For the double-sided moulding process conducted in the setup described above two 
master structures are required. One of them has to provide high flexibility for peeling 
off from the PDMS in order to enable demoulding. Depending on the application, 
either a transparency film as shown in Jo et al. [Jo00] or a flexible master structure 
made of SU-8 (section 4.1.2.2) is used. Transparency films have the advantages that 
they are commercially available, inexpensive and easy to apply, because they can be 
cut into every desired shape. Their application, however, is limited to moulding 
processes which only require one structured master, as PP-foils can hardly be 
structured by means of microtechnology. Moreover, the possible presence of a surface 
roughness has to be considered. The second master structure is typically a ceramic 
wafer featuring the desired pattern made of SU-8 (see section 4.1.2.1). Both master 
structures are arranged in the double-sided moulding device and the desired distance 
between them is adjusted (figure 4.17). For the lateral alignment of two patterned 
master structures, both masters are provided with alignment structures. Depending on 
the size of the alignment structures, the alignment is carried out by sight or with the 
aid of a microscope. For this purpose the microscope is arranged above the moulding 
device, the master structures are aligned and afterwards the flap is closed and the 
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vacuum of the upper chuck is turned on. The alignment accuracy is in the range of 
15 µm.  
To ensure that all structures are completely covered with PDMS and that the PDMS is 
free of air bubbles, the patterned master structure should be arranged on the lower 
chuck, if the moulding is carried out between a patterned and a non-patterned master 
structure. If the moulding is carried out between two patterned master structures, the 
master featuring the more complex pattern design should be arranged on the lower 
chuck. Afterwards, the PDMS is poured on the lower master structure. Thereby, it has 
to be ensured that the structures are covered correctly with PDMS and that the PDMS 
is free of air bubbles. If required an additional degassing step in a vacuum box can be 
carried out to ensure a uniform distribution of the PDMS even in structures featuring 
small (<100 µm) openings. Then the flap is closed, resulting in the setting of the gap 
distance as previously adjusted. To avoid the insertion of air bubbles in this process 
the flap has to be closed slowly. 
For the following cross-linking the device is heated up to 60 °C for one hour by the 
ThermofoilTM. Subsequently, the master structures with the PDMS layer in between 
are taken out of the moulding device. For the demoulding of the PDMS layer the 
flexible master can be peeled off, with the PDMS remaining on the ceramic master. 
Figure 4.18 and 4.19 show examples for PDMS layers generated by double-sided 
moulding with two patterned master structures.  
 
Figure 4.18. SEM image of a double-
sided moulded example structure 
consisting of a crossed channel 
system separated by a thin 
membrane. 
 
Figure 4.19. SEM image of a double-
sided moulded example structure 
providing cavities connected with a 
channel. 
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Regarding the tolerance of the double-sided moulding process, the waviness of the 
cured PDMS membrane mainly depends on the properties of the substrate used as 
master and can be kept small. To determine the parallelism of the membrane over the 
whole surface of 100 mm samples, the thickness of several PDMS membranes was 
measured at three different points. Based on these measurements the standard 
deviation of the membrane thickness was calculated and found to be in the range of 
1-3 µm. This deviation is mainly dependent on the parallelism of the used glass 
substrates. The thickness of standard glass wafers shows a standard deviation in the 
range of 0.5-2 µm. Moreover, the desired, adjusted thickness was compared to the 
obtained membrane thicknesses and a deviation of maximum 15 µm from the desired 
value was observed for 250 µm membranes. This deviation is connected to the 
accuracy of the zero point setting.  
4.2.4 Bonding Technologies 
Another property of PDMS is its possibility to be bonded either reversibly or 
irreversibly to itself and to several other surfaces. Thus, it enables the generation of 
enclosed microstructures, e.g. enclosed channels or cavities in microfluidic systems. 
Due to the elasticity of PDMS the bonding can also be carried out on wavy and 
corrugated surfaces. Compared to conventional bonding methods for glass or Si/SiO2 
devices the PDMS bonding processes are simple, can take place at room temperature 
and are completed in seconds to minutes. The reversible bonding is carried out by 
applying a PDMS replica on a clean and glossy surface. This type of bonding between 
the surfaces is based on van-der–Waals interactions. It is watertight, but it does not 
withstand forces higher than 345 mbar (5 Psi) [McD02].  
The irreversible bonding requires a preliminary plasma treatment of the surfaces to be 
bonded in air or oxygen. This enables the opportunity to bond PDMS to itself or to 
several other surfaces like glass, silicon, silicon oxide, silicon nitride, quartz, 
polystyrene, polyethylene and glassy carbon [Duf98, McD02]. The generated bond is 
that strong, that it can only be broken by destruction of one or both involved layers. 
For the plasma oxidation process different parameters could be found in literature (e.g. 
70 W, 75 mTorr, 10 s [Jo00]; 30-50 W, 100-200 mTorr, >20 s [Chu04]), thus the 
parameters of the applied plasma seem to be dependent on the applied plasma reactor. 
In this work a barrel etcher (Typ 308 PC Surface Technology Systems) is used. Wilke 
[Wil06] shows that the optimum parameters for this reactor are 85 W, 75 ccm O2, 
140 mTorr and 30 s. The plasma treatment converts the methyl (-OSi(CH3)2O-) groups 
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of the PDMS to silanol (-OnSi(OH)4-n) groups (see figure 4.20) [Duf98, McD02]. 
When the oxidized sides of the layers are brought in contact with each other, a 
condensation reaction takes place, leading to the formation of covalent siloxane 
(Si-O-Si) bonds (see figure 4.20) [Duf98]. Regarding the bonding of PDMS to other 
materials: in the case of ceramic materials the plasma exposure probably removes 
contaminants on the surface, in the case of organic polymers it introduces polar 
functional groups (COOH, OH, Ketone), with which the silanol groups of the PDMS 
can react [Duf98].  
The bonding process has to be carried out within 15 min after plasma exposure to 
ensure complete bonding of the surfaces as shown in a study conducted by Jo et al. 
[Jo00]. After that time the oxidized surface starts to recover and changes from a 
hydrophilic to the original hydrophobic surface. This process is also known as 
“hydrophobicity recovery”. Possible mechanisms for this effect are: the migration of 
low molecular masses from the bulk to the polymer, chain scission and reorientation of 
hydrophilic groups from the surface into the bulk [Hil00]. If the activated layers 
feature structures and an additional alignment is necessary the activated surfaces can 
be covered with water, methanol [Jo00] or other polar organic solvents. This maintains 
the hydrophilic nature of the activated surfaces indefinitely [McD02].  
An alternative method for the irreversible bonding of PDMS to itself has been 
developed by Quake et al. [Qua00]. Their method is based on the controlling of the 
mixing ratio of the bonded couple [Liu07]. They demonstrate that two separately cured 
PDMS layers, one with an excess of part A (e.g. mixing ratio 30:1) and one with an 
excess of part B (e.g. mixing ratio 3:1) can be bonded to each other without additional 
oxidation. Therefore, the two layers have to be placed on top of each other, leading to  
 
 
Figure 4.20. a) O2-plasma activation of PDMS b) irreversible 
bonding of two O2-plasma activated PDMS layer [Whi98]. 
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a reaction of the reactive molecules remaining at the interface. A further curing causes 
an irreversible bond of the two layers. According to Liu et al. [Liu07] the maximum 
bonding strength could be achieved for the bonded couple 30:1 and 3:1.  
4.3 Conductive Through-Hole Interconnections in Glass Wafers 
Microplasma stamps as described in section 5 use glass wafers made of 
BOROFLOAT®33 with a thickness of 700 µm as base material. Glass offers suitable 
properties for this application. The main advantage of glass compared to other 
materials is its optical transparency, which enables the observation of the plasma. 
Moreover, glass has a high Young´s modulus (63 GPa, [Sch08]) which stiffens the 
setup. It shows good dielectric properties (ε=4.6, [Sch08]), a high chemical resistance 
and is a low-cost material. Finally, glass can be irreversibly bonded to PDMS (see 
section 4.2.4) and it can be microstructured mechanically or by the use of dry and wet 
etching methods.  
For the generation of low-voltage design microplasma stamps, through-holes have to 
be structured into the glass wafer (700 µm) (see section 5.2). This is realized by the 
wet chemical etching of glass using hydrofluoric-based solutions. The dry etching with 
e.g. SF6, C4F8 plasmas has not been considered because of the relatively low etch rates 
(0.5-0.6 µm/min) [Ili05] and associated with it long etching times and high costs. 
Apart from etching, drilling has been tested, but with little success. Drilling proved to 
be too complex for wafers requiring more than one hole because the glass tends to 
break. Furthermore, the edges of the holes often have small cracks and sharp edges. 
This is disadvantageous for the application, as the systems will be compressed. 
Besides, it is hardly possible to generate holes in the range of 1 mm in glass with 
common equipment. If just one larger hole is required in a glass wafer, drilling is a 
good and cost-effective alternative. The required electrically conductive through-hole 
interconnection is realized by micro electroplating of nickel. 
4.3.1 The Wet Chemical Glass Etch Process 
The wet chemical etch process for the generation of through-holes into glass wafers is 
carried out from both sides of the wafer in one etch process step to minimize the 
process time and an unavoidable undercut (figure 4.21). For the wet chemical etching 
a structured masking layer is required on both sides of the wafer. At first alignment 
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Figure 4.21. Process flow for the generation of through-holes in glass by wet chemical 
etching.  
structures have to be generated on the wafer to ensure the correct alignment of the 
structures in the masking layers. They are structured in a thin metal layer consisting of 
a chromium and a gold layer by a common lithographic process using maP1215 
positive photoresist (Microresist Technology) (figure 4.21 a). 
The masking layer is important for the wet chemical glass etch process. It has to show 
a good adhesion to the glass wafer and must be chemically resistant to hydrofluoric 
acid etch solutions [Gro01]. The masking layers found in literature can be categorized 
in three major groups: photoresists, metals and silicon [Ili05]. In many cases a 
combination of a chromium and a gold layer is used, with the chromium layer serving 
as adhesion layer between the gold and the glass. Sometimes this masking layer is 
combined with an additional photoresist layer [Ili05, Cor98].  
Also in this work a sputter deposited metal layer consisting of a chromium and a gold 
layer is used as masking layer for the generation of through-holes (figure 4.21 b). It is 
combined with an additional AZ9260 photoresist layer. The photoresist serves as 
masking layer for the structuring of the Cr-Au-layer and as additional protective layer 
for the glass etching process to avoid pin-holes. As the maP1215 used above, AZ9260 
(Clariant) is a DNQ/Novolak photoresist. These photoresists consist of: Novolak as 
base resin, DNQ (Diazo-Naphto-Quinone) as photoactive component, and PGMEA as 
organic solvent, determining the viscosity. During exposure to UV radiation the DNQ 
is transformed into a carboxcylic acid, which increases the alkaline solubility of the 
exposed areas. The detailed chemistry and processing of these photoresists as well as 
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detailed test series are described amongst others in Feldmann [Fel07] and Seidemann 
[Sei03]. For the glass etch process the AZ9260 photoresist is spun on (600 rpm) both 
sides of the wafer in two steps using a spin on coater with rotating cover (Gyrset®) 
(figure 4.21 c). Each spin on steps is followed by a levelling (15 min) and a prebake 
step (100 °C, 1 h). Both steps have to be carried out directly in succession. Afterwards, 
the wafer is conditioned at cleanroom conditions (ca. 3 h) to enable the absorption of 
water and with it enhance the photosensitivity significantly. Subsequently, the AZ9260 
is exposed through a chrome mask featuring the desired structures for the glass-etch 
process. The exposure is carried out from both sides of the wafer by the use of the 
alignment structures to ensure a correct adjustment of the structures. The following 
development is carried out in AZ400K developer (figure 4.21 d). Finally, the gold and 
the chromium layer are etched which results in the desired masking layer for the 
following glass etch process (figure 4.21 e). 
Regarding the design of the masking structures, the isotropy of the glass etch process 
has to be considered. For the generation of through-holes with a diameter in the range 
of 1 mm in a 700 µm glass substrate the mask only requires structures in the range of 
150 µm. With regard to the shape of the structure, cylindrical and quadratic structures 
were tested. However, the quadratic structures show better and faster etch results and 
also result in nearly cylindrical holes.  
The wet chemical etch process for the structuring of glass is an effective and low-cost 
possibility for the deep wet etching of glass [Ili05]. Commonly it uses solutions 
containing varying hydrofluoric acid (HF) concentrations or solutions combining HF 
with other strong acids like HCl, HNO3, H2SO4 or H3PO4 to enhance the etch rate 
[Spi93, Ber00]. The dissolution of silicate glass in aqueous HF solution can be 
described by:  
SiO2 + 6HF Æ H2SiF6 + 2H2O (4.1) 
The etch rate depends on the etch solution, the etch bath temperature and the agitation 
[Gro01]. It is a characteristic for each type of glass because of the different oxides and 
compositions used during the fabrication [Ili05]. Similar to Berthold et al. [Ber00] an 
etch solution consisting of H3PO4 (85 %), HF (40 %) and H2O in a 57:17:26 vol.% 
ratio is used in this work. H3PO4 is a known etchant for the aluminum oxides 
contained in the glass and enhance the surface quality of the etched area. The etch 
process is carried out at room temperature under constant stirring. For the generation 
of through-holes in a 700 µm thick glass wafer etched from both sides, the etch 
process takes around 14 h (figure 4.21 f). This results in an etch rate of 25 µm/h. The 
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etch solution can normally be used for three to five etch processes without a significant 
increase of the etch time. After the wet chemical glass etch process the photoresist is 
removed in acetone and ethanol (figure 4.21 g), followed by the removing of the gold 
and the chromium masking layer (figure 4.21 h). The alignment structures remain on 
the structured glass wafer for the following micro electroplating process.  
4.3.2 Generation of Conductive Through-Hole Interconnections via Micro 
Electroplating 
The generation of electrically conductive through-hole interconnections by the use of 
micro electroplating is a common process known from the circuit board industry. 
Electroplating is an electrically driven process which is carried out in an electrolyte. 
The electrolyte contains the ionized salts of the desired metal (e.g. copper, nickel, 
gold, etc.), as well as anions (e.g. sulphate, sulphamate, sulphite) and various additives 
for the control of the bath properties (e.g. anode activator, pH controller) and the 
properties of the deposited surface (e.g. stress reducer) [Jel97]. During the 
electroplating process an electrodeposition of the desired metals on a conductive 
surface takes place by the action of electrical current [Kan00]. For this purpose, the 
object to be plated is connected to the cathode. The positively charged ions of the 
metal salt are attracted to the negatively charged object and are reduced to metallic 
form at the surface.  
Micro electroplating as used in this work is a special case of electroplating. It is based 
on the electrodeposition of metals on a substrate covered with an electrically 
conductive seed layer, which is structured by an insulating photoresist. This process is 
also known under the name of electroforming. Micro electroplating enables the 
generation of layer thicknesses >5 µm and is an anisotropic shape forming process 
[Sei03]. Moreover, it is a cost-effective process for the generation of thick layers 
compared to PVD and CVD processes. In this work the micro electroplating of nickel 
is used for the generation of electrically conductive through-hole interconnections 
(figure 4.22).  
For this purpose, a conductive seed layer consisting of a thin chromium adhesion layer 
and a copper layer is sputter-deposited on both sides of the structured glass wafer (see 
section 4.3.1) including the sidewalls of the through-holes (figure 4.23 b). In order to 
avoid the electroplating of the whole wafer surfaces, contact pads are structured in a 
photoresist around the through-holes, for the generation of the through-hole 
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Figure 4.22. SEM images of the electrodeposited nickel through-hole interconnection. 
interconnections via micro electroplating. As photoresist Intervia-3D-N has been 
chosen because of its suitable properties. Intervia-3D-N is a negative tone photoresist, 
which consists of an aqueous solution that contains micelles. These micelles have an 
acrylic co-polymer shell. The photochemistry of Intervia-3D-N is based on the 
polymerization of acrylic monomers and oligomers by free negative radicals. Non-
polymerized acrylic is soluble by an acid catalyzed hydrolysis of esters via lactic acid 
[Fel07]. This solubility decreases with an increasing degree of polymerization, which 
enables the selective structuring of the photoresist. The detailed chemistry and 
parameter studies can be found in Feldmann [Fel07]. For the structuring of the contact 
pad areas a negative tone photoresist is advantageous. It facilitates the development 
because in this case the unexposed areas (including the sidewalls of the through-holes) 
are dissolved in the developer. Moreover, Intervia-3D-N is temperature resistant up to 
50 °C, which is important for the following micro electroplating process.  
Intervia-3D-N is applied to the wafer in an electrodeposition process. This is an 
electrochemical process, which is based on the deposition of the photoresist at the 
cathode due to the positive charged micelles. It is carried out in a deposition cell 
described in detail by Feldman [Fel07]. The electrodeposition is a suitable process for 
the coating of wafers containing through-holes. It enables the coating of both sides in 
one process step and ensures the coating of complex structures like holes with a 
constant layer thickness (figure 4.23 c). After the coating the photoresist is dried on a 
hotplate at 110 °C for 10-15 minutes. To prevent the photoresist from sticking to the 
chrome mask during exposure, particularly during contact exposure, a topcoat is 
applied to the photoresist.  
The exposure is carried out from both sides of the wafer with UV-radiation using the 
remained alignment structures to ensure a correct adjustment of the contact pad 
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structures on both sides. For the development the Intervia-3D-N developer containing 
lactic acid is used. The developer is diluted to 20 % and heated up to 38-42 °C [Fel07]. 
The development results in a wafer covered completely with photoresist except for the 
contact pads and a contacting area for the following electroplating process (figure 
4.23 d).  
The micro electroplating process is a direct current driven process which is carried out 
in a sulphamate electrolyte bath at 50 °C. The equipment used for the micro 
electroplating is described in detail by Sichler [Sic06]. It consists of a holder for the 
wafer, a heatable basin and an anode basket containing nickel rounds. In this work the 
commonly used holder is replaced by a clamp. This enables the contacting of both 
sides of the wafer to the cathode and both sides of the wafer are in contact with the 
electrolyte bath. The current density used for micro electroplating in this work is 
15 mA/cm², which allows a deposition rate in the range of 15 µm/h. For the generation 
of the through-hole interconnection the deposition time is set to 30 min, resulting in a 
~7 µm thick nickel layer (Figure 4.23 e).  
After the micro electroplating process the Intervia-3D-N is removed by means of the 
Intervia-3D-N remover (diluted to 70 %) which contains organic acids and/or acetone 
(figure 4.23 f). Eventually, the copper and the chromium layer are etched in the 
corresponding etch solutions (figure 4.23 g).  
 
 
Figure 4.23. Process flow for the generation of through-hole interconnections by 
nickel micro electrodeposition. 
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5 Microplasma Stamps 
Microplasma stamps are non-thermal plasma sources based on the principle of 
dielectric barrier discharges and have been developed, adapted from the plasma 
printing concept introduced by Penache et al. [Pen03, Pen03a, Pen04] (see section 
3.1). They enable a new kind of area-selective modification process for the treatment 
of plane surfaces at atmospheric pressure, which integrates the surface modification 
and lateral microstructuring within one process step. For this purpose, the plasma is 
ignited in cavities, which are structured in the dielectric layer and temporarily closed 
by compressing the microplasma stamp and the substrate to be treated during the 
treatment time.  
Compared to the setup used by Penache et al. the presented microplasma stamps use a 
structured PDMS membrane as dielectric barrier. The advantage of PDMS as material 
for the dielectric barrier is its high elasticity, which enables an excellent adjustment to 
varying surface shapes, including rough and corrugated surfaces. Hence, the plasma is 
limited to the cavity volume and the area-selective treatment of surfaces is assured. 
Beyond it, PDMS is easy to process and various cavity geometries can be realized by 
softlithography (see section 4.2.3).  
Two different microplasma stamp designs have been developed: one for the high-
voltage range (see section 5.1) and one for the low-voltage range (see section 5.2). 
Thus, a large range of applications is enabled because microplasma stamps can be 
applied for a broadened bandwidth of excitation frequencies. The detailed process 
flows for the fabrication of both designs can be found in Appendix A. Furthermore, 
selected processes are described in detail in section 4.2.3.2 and 4.3.  
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5.1 The High-Voltage Design 
5.1.1 Concept 
The high-voltage (HV) design is presented in figures 5.1-5.4. It is designed for the 
plasma modification of surfaces using dielectric barrier discharges driven by medium 
frequency (10-100 kHz) high-voltage sources. It consists of a glass backing structure 
with the lateral dimensions 3.6 cm x 3.6 cm and a height of 700 µm (figure 5.1 and 
5.2). A circular shaped electrode is centrically arranged on top of the glass wafer and 
has to be transparent to enable the observation of the plasma. The circular shape and 
the central arrangement of the electrode are chosen to avoid parasitic discharges and 
gliding arcs. Additionally, the electrode is covered by an insulating layer made of 
PDMS. The electrical connection to the generator can be carried out either as soldered 
lead wire or as adhesive copper tape featured with a conductive adhesive.  
 
Figure 5.1. HV design with a 
circular arrangement of the 
cavities.  
 
Figure 5.2. SEM image of the cross 
section of the HV design. 
 
Figure 5.3. HV design with a 
hexagonal arrangement of the 
cavities.  
 
Figure 5.4. HV design with an x-y 
array arrangement of the cavities.  
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For the generation of plasmas with a controlled spatial extension, the microplasma 
stamp features a patterned PDMS dielectric layer. In this work cylindrical cavities in 
various arrangements (e.g. circular, hexagonal array, x-y array) have been realized as 
pattern (figures 5.1, 5.3, 5.4). The cavities realized in the scope of this work have 
diameters ranging between 100 µm and 500 µm and a height of 100-350 µm. Beyond 
it, several other structures (e.g. channels, squares) can be realized depending on the 
intended application. The thickness of the structured dielectric layer depends on the 
cavity height and the desired PDMS thickness on top of the cavities (figure 5.2). 
Moreover, the patterned PDMS dielectric has to fulfil two requirements: The upper 
and the lower surface of the patterned PDMS dielectric have to be coplanar to ensure a 
uniform contact over the whole surface whilst compression. The thickness of the 
PDMS layer on top of the cavities has to be adjustable to defined values to achieve 
reproducible results regarding the required ignition voltages. 
5.1.2 Processing 
The processing of the high-voltage design starts with the generation of the electrode on 
top of the glass wafer using common lithographic technologies (figure 5.5 a-d). The 
electrode can be either designed as thin (30 nm), circular gold layer or copper grid. 
Regarding the processing of the electrode a precise quality control is necessary before 
the next steps. Imperfections in the electrode or on its edge like gold residues close to 
the edge, protrusions or scratches can lead to parasitic discharges and with it to the 
destruction of the whole system. Afterwards, an adhesive copper tape provided with a 
conductive adhesive is stuck to the electrode (figure 5.5 e). For the generation of the 
insulating layer made of PDMS a frame is positioned around the glass backing 
structure (figure 5.5 e). The PDMS is mixed in a 1:10 ratio as described in section 
4.2.2, poured into the form and cured at 60 °C for one hour (figure 5.5 f). 
Subsequently, the frame is removed and the lower side of the glass backing structure is 
cleaned with acetone and ethanol to remove possible residues.  
Parallel to these processes the patterned PDMS dielectric is generated by using the 
double-sided moulding process described in detail in section 4.2.3.2. For this purpose 
the PDMS is mixed in a 1:10 ratio, the thickness of the PDMS membrane above the 
cavities is in general adjusted to 250 µm. This patterned, dielectric PDMS membrane 
is bonded to the prepared glass backing structure by means of a common PDMS 
bonding process described in section 4.2.4 (figure 5.5 g). 
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Figure 5.5. Process Flow for the fabrication of the high-voltage design.  
5.2 The Low-Voltage Design 
5.2.1 Concept 
The low-voltage (LV) design presented in figure 5.6 and 5.7 has been developed on 
the basis of the high-voltage design. It has been designed with the aim to enable the 
generation of radiofrequency (RF) driven plasmas at atmospheric pressure and thereby 
enlarge the range of applications of microplasma stamps. In this case, the dielectric 
barrier above the cavities has to be thinner (<100 µm) than the one used for the high-
voltage applications because of the smaller voltage amplitudes provided by typical 
commercial RF voltage sources. This implies that the electrode has to be arranged 
between the glass wafer and the PDMS dielectric barrier (Figure 5.7). For this purpose, 
a connection between the electrode on the lower side and a contact pad on the upper 
side of the glass backing structure is required. The contacting has been realized in the 
centre of the electrode by a through-hole contact via the glass backing-structure to 
avoid parasitic discharges and gliding arcs (Figure 5.7). This makes the processing of 
the low-voltage design more intricate than the high-voltage design processing.  
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Figure 5.6. LV design with a 
circular arrangement of the 
cavities. 
 
Figure 5.7. SEM image of the 
cross section of the LV design.  
5.2.2 Processing 
The processing of the low-voltage design starts with the generation of the conductive 
through-hole interconnections into a glass wafer as described in detail in section 4.3. 
In this process, holes are generated into the glass wafer by a wet chemical glass 
etching process first (figure 5.8 a) and afterwards nickel as a conductive 
interconnection layer is electrodeposited inside the holes and on contact pad areas 
surrounding the holes (figure 5.8 b). 
Depending on the desired electrode type, the electrode can be carried out in two 
different ways. The first possibility is structuring a grid into the copper seed layer used 
for the electroplating process of the through-hole interconnections. For this purpose 
only the photoresist is removed after electroplating. Afterwards, another photoresist 
(e.g. map1215) is spun on one side of the wafer and a grid is structured into the 
photoresist using common lithographic techniques. During the following copper etch 
process the grid is transferred into the copper layer and additionally the seed layer on 
the other side of the wafer is removed. In the second case the photoresist and the seed 
layers are completely removed and a thin gold electrode is structured on one side of 
the wafer similar to the high-voltage design (figure 5.8 c). 
The electrical connection to the electrode is realized by an adhesive copper tape or a 
soldered lead wire. Afterwards, the PDMS insulating layer is generated on top of the 
contact pad side in the same way as described in section 5.1.2 (figure 5.8 d). 
Eventually, the patterned PDMS membrane, generated in the double-sided moulding 
process (see section 4.2.3.2), is bonded to the electrode side of the low-voltage design 
(figure 5.8 e).  
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Figure 5.8. Process flow for the fabrication of the low-voltage design. 
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6 Characterization and Optimization of 
Microplasma Stamps 
Microplasma stamps have been developed with the aim to enable a uniform and area-
selective treatment of surfaces using various process gases. For the characterization 
and optimization of microplasma stamps several simulations and experiments have 
been conducted, regarding the influence of varied designs on the ignition voltage and 
the surface treatment. The simulations and experiments cover the determination of an 
optimal cavity design, considering limits of cavity height, cavity width and minimum 
wall width between the cavities as well as the influence of the conductor arrangement. 
Furthermore, for the application of microplasma stamps a compression force is 
required to enable a conformal contact between the microplasma stamp and the 
substrate to be treated, which, if in excess, may lead to a sagging of large cavities and 
buckling of thin walls. To either avoid or minimize these effects, the influence of the 
compression force on the cavity deformation and the gas pressure inside the cavities 
has been determined as well as the minimum required compression force. This 
investigation of parameters for the microplasma stamps will lead to a viable 
mechanical structure, and based on the results a scaling-up will be carried out.  
In future applications microplasma stamps will be used for the treatment of varying 
surfaces using a range of process gases. For this purpose, the influence of the process 
gas and the substrate to be treated on the ignition voltage and on the plasma 
distribution inside the cavities, which affects the surface treatment, has been examined. 
In the following sections the experimental setup used in the scope of this work as well 
as all conducted experiments and their results are described.  
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6.1 Experimental Setup 
The conducted experiments have been carried out in a test bench presented in figure 
6.1 and 6.2, which has been developed in consideration of the following requirements:  
 A uniform compression of the microplasma stamp and the substrate to be 
treated with defined compression forces has to be enabled.  
 The observation of the plasma has to be possible. 
 The surface treatment in different gas atmospheres has to be allowed.  
 The use of both microplasma stamp designs has to be enabled.  
 The surface treatment with microplasma stamps in various sizes has to be 
enabled.  
The test bench consists of two vacuum chucks for the arrangement of the microplasma 
stamp and the substrate to be treated. The upper one is made of an acrylic glass plate to 
allow the visual observation of the plasma, which is stiffened by a glass plate to avoid 
bending. Both plates are mounted in a frame made of PP which is fixed on top of four 
aluminum pillars. The lower acrylic glass plate features vacuum grooves, which enable 
the positioning of samples up to 5”, and a cable lead-through for the electrical 
interconnection to the high-voltage generator. For contacting the high-voltage design 
an adaptor has been designed, consisting of a copper plate provided with a soldered 
lead-wire, which can be fixed in a support provided by the acrylic glass chuck shown 
in figure 6.2.  
 
Figure 6.1. Experimental setup. 
https://doi.org/10.24355/dbbs.084-201901221456-0
6 Characterization and Optimization of Microplasma Stamps 
73 
 
Figure 6.2. Detailed views of the experimental setup. 
The lower vacuum chuck is made of aluminum and serves additionally as a counter 
electrode. It is arranged on top of a pneumatic cylinder which enables the defined 
compression of the microplasma stamp and the substrate to be treated. The required 
compression force can be adjusted by setting the pressure of the compressed air. A 
detailed list of the adjustable forces and the resulting compression forces is given in 
appendix D.2.  
Between the aluminum chuck and the pneumatic cylinder a wedge error compensating 
system (figure 6.3) was integrated, to ensure a conformal contact over the whole 
compressed area in order to avoid gap discharges. Its main component is a spherical 
plain bearing, which is arranged on the piston of the pneumatic cylinder and allows a 
rotation of the aluminum chuck around the x- and y-axis up to 15° (figure 6.3). In 
addition, the aluminum chuck is fixed to a connecting plate using rubber vibration 
isolation mounts to avoid a rotation around the z-axis and to ensure the parallelism of 
both chucks in the uncompressed case. Despite fixation the vibration isolation mounts 
allow the wedge error compensation due to their low hardness.  
Moreover, a gas flow box was integrated (see figure 6.1), which allows the operation 
of microplasma stamps using different process gases. The gas flow box is made of 
acrylic glass and is fixed on the four aluminum pillars by means of clamps, in close 
contact to the acrylic glass vacuum chuck. It provides four parallel holes for the gas 
inlet, which enable a nearly laminar gas flow parallel to the lower side of the 
microplasma stamp, and a larger hole on the opposite side serving as gas outlet. The 
gas supply is controlled by external, manually adjustable flow controllers. For the 
positioning of the substrate and the microplasma stamp a large opening is provided on 
the front side, which can be closed by a cover plate.  
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Figure 6.3. Schematic view of the wedge error compensating system. 
The power required for the plasma ignition is supplied by a corona generator type 
7010 R from SOFTAL electronic GmbH, which was especially designed for the 
generation of microplasmas (see Appendix D.1). It offers a power output of 
0.01-1.0 kW, an adjustable frequency in the range of 10-100 kHz, an output voltage of 
± 0.5-25 kV and the possibility to choose between different transformation ratios. 
Moreover, various pulse forms as well as switch out times can be programmed.  
Unless otherwise noted, all experiments in the scope of this work were carried out 
using the standard transformation ratio (A2:S1; see Appendix D.1) denoted by the 
manufacturer and a continuous wave excitation with a frequency of 33 kHz, 
determined by resonance frequency measurements. These measurements have shown 
that the resonance frequency is independent from the microplasma stamp, the cavity 
design and the substrate to be treated. The independence is based on the high capacity 
of the coaxial cable, connecting the microplasma stamp with the generator, which has 
to be considered. This large capacity is connected in parallel to the small capacity of 
the microplasma stamp which is thereby overlaid. For the measurements of the 
ignition voltage Ui, which means the voltage drop between the electrodes, the internal 
measuring system provided by the generator was used. This system determines the 
output voltage by measuring the voltage drop at the first three windings of the 
secondary coil (see figure 6.4) and subsequently converting it to the correct output 
voltage Ûi (Ûi =^ Ui) using a factor that includes the number of windings of the 
secondary coil. To ensure the accuracy of the measurement system the displayed 
values were proved by the use of a high-voltage probe head.  
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Figure 6.4. Connection diagram of the test bench including the measuring points for 
the intermediate circuit voltage UIC, the intermediate circuit current IIC, the output 
current IA, the frequency f and the output voltage Ûi. 
6.2 Experiments and Simulations 
In the following sections the conducted simulations, experiments and SEM analysis as 
well as their results characterizing the microplasma stamps are described in detail. All 
experiments conducted in the scope of this work were carried out at atmospheric 
pressure and standard room temperature (20 °C). Unless otherwise noted, the used 
process gas is air and the compression force to compress the microplasma stamp and 
the substrate to be treated is set to 94 N (~72.5 kN/m² see Appendix D.2) (see section 
6.2.4). For the plasma ignition a continuous wave excitation at 33 kHz is used (see 
section 6.1). The determined ignition voltages were measured several times for each 
measuring point. Before each measurement the cavities are filled with the desired 
process gas followed by the compression of the microplasma stamp and the substrate 
to be treated. Afterwards, the applied voltage is slowly increased until plasma ignition 
without long holding times at each value of the applied voltage because for the area-
selective treatment of surfaces a direct ignition of the plasma inside the cavities, 
without substantial time delays, is desirable. The period between two successive 
measurements varied from seconds up to one hour.  
With exception of the experiments regarding the influence of the substrate to be 
treated, a disc (diameter 5 cm, thickness 2 mm) made of a carbon-loaded poly-
propylene (PP) material is used as substrate to be treated, below termed as PP205 or 
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PP204. The difference between those two PP substrates is their different conductivity 
based on varying amounts of contained carbon. The carbon-loaded PP has been chosen 
as substrate to be treated, related to the later biological/chemical applications (see 
section 7.2), where a conductive substrate is required to enable some of the analyzing 
methods (e.g. SEM, MALDI-MS).  
Regarding the simulations, first, the cavity deformation was analyzed by means of 
FEM simulations using COSMOSWorks (SolidWorks Corp.). For this purpose, a 3-D 
model consisting of a 3x3 matrix of cylindrical cavities was defined, where the cavity 
in the centre of the matrix is used for the determination of the resulting deformations. 
The material PDMS was reproduced in the simulation program for a mixing ratio of 
1:10 (curing agent:base), using the material data given in section 4.2.1. For the glass 
wafer the material data given by the simulation program (see Appendix B.1) was 
applied.  
Second, the experimentally achieved results are compared to the theoretically 
determined ignition and breakdown voltages, which were investigated using the two-
dimensional fluid model SIPDP (Kinema Research & Software) by Ermel [Erm08, 
Luc08b] at the Institut für Hochspannungstechnik und Elektrische Energieanlagen 
(HTEE) of the TU Braunschweig. 
Finally, the influence of the microplasma stamp designs, variations of the cavity 
design and the experimental conditions on the homogeneity of the surface treatment 
were determined for the treatment of PP204. For this purpose, the marks left by the 
plasma on the substrate surfaces have been examined using a scanning electron 
microscope (SEM) analysis [Sch94] which in certain cases is combined with an energy 
dispersive x-ray (EDX) analysis [Sch94]. The analysis was carried out by means of a 
“Zeiss DSM 960 A” SEM with an accelerating voltage adjusted to 2 kV. This system 
includes an INCA Energy 200 System by Oxford Instruments GmbH for the EDX 
analysis. The surface treatment for this experimental series has been carried out in a 
defined gas atmosphere in general using a N2+H2 (96 % N2+4 % H2) gas mixture. To 
ensure equal process conditions the gas flow box with the arranged microplasma stamp 
and the substrate to be treated, is flooded with the applied gas mixture for 15 min 
before each experiment. Afterwards, the samples are compressed including the process 
gas inside the cavities. 
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6.2.1 Influence of the Microplasma Stamp Designs 
6.2.1.1 Experiments and Results 
For a verification of the concept of the two different microplasma stamp designs the 
ignition voltages of the high-voltage design (HV) as well as the low-voltage design 
(LV) featured either with soldered lead wire (SLW) or copper tape (CT) have been 
compared. Both microplasma stamp designs are provided with diverse patterned 
PDMS dielectrics, which feature cavities in the circular arrangement with diameters in 
the range of 100-500 µm, a cavity height of 350 µm and a PDMS thickness of 250 µm 
on top of the cavities. PP205 is used as substrate to be treated.  
The results presented in figure 6.5 illustrate that both microplasma stamp designs show 
a similar behaviour regarding the ignition voltages for varying diameters. This enables 
to conduct further experimental series with the high-voltage design, which is easier to 
fabricate and afterwards transfer the results to the low-voltage design. As expected, the 
two low-voltage designs require smaller ignition voltages compared to the high-
voltage design, due to the thinner dielectric barrier. This gives rise to a later 
application of the low-voltage design using radio frequency excitation.  
 
 
Figure 6.5. Ignition voltages of the HV and LV design provided 
with copper tape or soldered lead wire (SLW). 
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Furthermore, the experiments show that the ignition voltage depends on the electrical 
connection. Concerning the results for the low-voltage design the ignition voltage 
decreases for the microplasma stamp design provided with a soldered lead wire in 
comparison to the one with the adhesive copper tape, independently from the cavity 
diameter. This effect is based on the higher contact resistance of the adhesive copper 
tape. 
6.2.1.2 SEM Analysis of the Treated Surfaces 
To determine the influence of the plasma stamp design on the homogeneity of the 
surface treatment, an SEM analysis of the treated surfaces was carried out. For this 
purpose, ground PP204 discs were treated for 4 s using a N2+H2 gas mixture (96 % N2, 
4 % H2) with both microplasma stamp designs. The compared microplasma stamps 
provide a patterned PDMS dielectric with cavities in a circular arrangement with a 
cavity diameter of 500 µm and a height of 350 µm. The ignition voltages were set to 
5.8 kV for the high-voltage design and 3 kV for the low-voltage design.  
As expected, the SEM analysis of the treated surfaces shows similar results for both 
designs. Figure 6.6 depicts, that the treated surfaces show a ring-shaped mark left by 
the plasma in the area of the cavity independent of the plasma stamp design. Further 
measurements, using a confocal laser scanning microscope (CLSM) [Wil08], show 
that the surface in the ring-shaped area is either melted or sputter etched up to 2 µm.  
A similar melting or etching effect in the form of structures that resemble craters was 
observed by Seeböck et al. [See01] on Kapton® HN foils after a DBD treatment (gap 
width 100 µm, 125 kHz) at high discharge powers. They suppose that the etching is 
essentially caused by the surface gliding discharges connected with each filament. This 
assumption is supported by the fact, well-known from the DBD modelling, that the 
radical density in the gliding discharge is very high. For a very short treatment at low 
specific energies, Seeböck et al. [See01] observed surface structures showing a radial 
alignment in the direction of one or more centres close to each other, similar to 
positive Lichtenberg figures. These fine traces have led to a permanent damage of the 
surface. As regards the effect causing the damage, they assume partial melting, or very 
intensive etching reactions by high radical and UV photon density or by a combined 
action of both processes.  
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Figure 6.6. SEM image of the mark left by the plasma on 
ground PP204 after treatment with the HV design (left) and 
LV design (right) providing cavities with a diameter of 
500 µm and a height of 350 µm in circular arrangement. 
Regarding the ring-shaped marks of the present case, the shape could be explained by 
gliding and surface discharges along the sidewalls of the cavity which are 
characteristic for cavities with a cylindrical form (see section 2.4.2). The depth of the 
ring-shaped mark seems to be advantaged by the material, which shows a higher 
thermal conductivity than common PP due to the carbon loading. This effect should be 
further investigated because in contrast Seeböck et al. only observe the crater-like 
structures on the material with the lower thermal conductivity [See01].  
6.2.2 Influence of the Electrode Design 
Microplasma stamps require a transparent electrode to allow the observation of the 
plasma. Two different possibilities were examined on the basis of the high-voltage 
design: a thin gold electrode (thickness 30 nm) and a copper grid (lattice constant: 
40 µm, cell size: 25 µm x 25 µm) presented in figure 6.7. A good alternative, 
disregarded in the scope of this work, would be the use of an ITO (indium tin oxide) 
electrode. Particularly if plasma analysis is required, this type of electrode is well-
suitable because of its transparency. 
The experiments conducted on PP205 as substrate to be treated have shown that both 
metallic electrode designs enable the ignition (figure 6.9) and a good observation of 
the plasma (figure 6.8). However, as presented in figure 6.9 the required ignition 
voltage is slightly higher for the copper grid, the reason being in the addiction of 
copper to generate oxide films at its surface, which leads to an increased contact 
resistance and with it to an increased ignition voltage. Regarding the high-voltage 
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design this oxidation process is advantaged because the electrical connection is 
generally carried out as adhesive copper tape. For a verification of this assumption, the 
experiment was repeated for the high-voltage design (cavity diameter 500 µm, height 
350 µm) provided with both electrode designs electrically connected with a soldered 
lead wire. As expected, in this case both designs show the same ignition voltage of 
approximately 6 kV. 
 
 
Figure 6.7. Microscopic view of the copper 
grid. 
 
Figure 6.8. Plasma observed 
through the gold electrode of a 
HV design microplasma stamp.  
Figure 6.9. Comparison of the ignition voltages determined for 
the HV design featured with copper grid (Cu grid) or transparent 
gold electrode. 
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To conclude, the choice of the electrode design depends on the application and the 
ignition voltage is not influenced by the electrical connection, if it is carried out as 
soldered lead wire. In the scope of this work the thin gold electrode is used, because it 
provides lower ignition voltages for the HV design, a better electric field distribution 
and the production process is less vulnerable for imperfections. 
6.2.3 Influence of the Cavity Design 
The influence of the cavity design on the cavity deformation, the ignition voltage and 
the surface treatment was determined in several experiments and simulations, under 
consideration of the influence of the cavity diameter D, the aspect ratio (h:D), the 
distance between the cavities (Ldistance) and the PDMS thickness on top of the cavities 
(LPDMS) (see figure 6.10). For this purpose, microplasma stamps featuring cavities in 
different arrangements with a diameter D in the range of 100-500 µm and a cavity 
height h of 100-350 µm were used. Unless otherwise noted all experiments described 
in this section were carried out applying PP205 as substrate to be treated.  
6.2.3.1 FEM Simulation of the Cavity Deformation 
The compression of the microplasma stamp and the substrate to be treated leads to a 
deformation of the cavities due to the high elasticity of the PDMS. To analyze the 
influence of the cavity design on the deformation various FEM simulations, based on a 
simplified model as described in section 6.2, were conducted. The simulations were  
 
 
Figure 6.10. Schematic view of a HV microplasma stamp 
including labelling of the dimensions, where h is the cavity 
height, D is the cavity diameter, LPDMS is the thickness of the 
PDMS on top of the cavities, Ldistance the PDMS thickness 
between the cavities and Lglass is the thickness of the glass 
wafer.  
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carried out for an applied compression force of 94 N (~72.5 kN/m²) (see section 6.2.4). 
The results are presented in the following part and regard the maximum percental 
deformation of the cavity radius (deformation in x-direction) on the left hand side of 
the cross section of a cylindrical cavity as well as the deformation of the cavity in  
z-direction (figure 6.11). 
At first, the influence of the cavity diameter on the deformation of the cavities was 
analyzed within a simulation series using cylindrical cavities with a constant height 
(h=350 µm) and a constant distance between the cavities. For each diameter the 
distance between the cavities was set to the minimum (280-500 µm) and the maximum 
(800-980 µm) distance between the cavities provided by the circular cavity 
arrangement, in general used for the experiments (see Appendix C.1). This enables the 
application of the simulation data for the analysis of the experimental results. The 
results presented in figure 6.12 show that the cavity deformation in x-direction 
increases with decreasing cavity diameter independent of the chosen distance.  
Additionally, the cavity deformation in the direction of the x-axis is linked with a 
change of the cavity height (figure 6.13). As shown in figure 6.13 the deformation of 
the cavities in z-direction increases with a growing cavity diameter due to a higher 
bending of the cavity tops as a result of the larger cavity area. The deformation of the 
cavities in x- and z- direction is assumed to influence the gas pressure inside the  
 
Figure 6.11. Results of the FEM simulation 
of a cavity (diameter 300 µm, height 
350 µm) compressed with 94 N, illustrating 
the determination of the cavity deformation 
in x- and z-direction.  
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cavities. This alteration of the gas pressure was calculated, via the calculation of the 
changed enclosed volumes, using the ideal gas law: 
p = n·R·T / V (6.1) 
where T is the temperature, R is the ideal gas constant, n is the number of moles of gas 
and V the enclosed volume.  
The calculation was carried out for cavities with a diameter of 100-500 µm, a cavity 
height of 350 µm and the maximum distance between the cavities offered by the 
circular cavity arrangement. Figure 6.14 shows that the gas pressure inside the cavities 
increases with a decreasing cavity diameter due to the higher deformations.  
For a further analysis of the influence of the cavity dimension on the deformation of 
the cavities, the influence of the aspect ratio was examined in addition. This simulation 
was carried out for cylindrical cavities with a diameter of 100-500 µm, a varied height 
of 100-350 µm and the maximum distance between the cavities. Figure 6.15 shows 
that the percental deformation of the cavities along the x-axis increases with a growing 
aspect ratio, which can be equated with an increase of the gas pressure inside the 
cavities as shown above.  
 
Figure 6.12. Influence of the cavity diameter on the percental 
deformation of the cavity radius in x-direction regarding a 
maximum (Max) and minimum (Min) distance between the 
cavities.  
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Figure 6.13. Influence of the cavity diameter on the deformation 
in the direction of the z-axis considering the maximum distances 
between the cavities provided by the circular cavity design. 
 
 
Figure 6.14. Increase of the gas pressure inside the cavities 
calculated for the maximum distance between the cavities.  
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Figure 6.15. Influence of the aspect ratio on the percental 
deformation of the cavity radius in x-direction. 
Considering the influence of the PDMS thickness (LPDMS) above the cavities a 
simulation series was carried out, according to the experimental series (see section 
6.2.3.2), for cavities with a diameter of 500 µm, a height of 250 µm and the maximum 
distance (980 µm) between the cavities. The simulation shows that the percental 
deformation of the cavity radius increases with a growing PDMS thickness on top of 
the cavities (see figure 6.16), whereas the deformation of the cavity in the direction of 
the z-axis is stronger affected (see figure 6.17). An increase of the deformation in  
z-direction from ~2 % up to ~8.5 % of the cavity height could be observed.  
The influence of the distance between the cavities (Ldistance) on the deformation of the 
cavity radius is shown in figure 6.12 and 6.18. In accordance with the experiments the 
simulation series presented in figure 6.18 was conducted for cavities with a diameter 
of 500 µm, a height of 350 µm, a PDMS thickness of 250 µm on top of the cavities 
and distances between the cavities in the range of 200-500 µm. The simulation shows 
that the cavity deformation in direction of the x-axis decrease for decreasing distances. 
These results as well as the results achieved for the influence of the PDMS thickness 
on top of the cavities, clearly reflect the Poisson ratio of 0.5 provided by PDMS 
[Arm99]. The deformation of the cavity height is less affected by the distance between 
the cavities as presented in figure 6.19.  
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Figure 6.16. Influence of the PDMS thickness above the cavities on 
the percental deformation of the cavity radius in x-direction. 
 
 
Figure 6.17. Influence of the PDMS thickness above the cavities 
on the cavity deformation in the direction of the z-axis.  
https://doi.org/10.24355/dbbs.084-201901221456-0
6 Characterization and Optimization of Microplasma Stamps 
87 
 
Figure 6.18. Influence of the distance between the cavities on the 
percental deformation of the cavity radius in x-direction. 
 
Figure 6.19. Influence of the distance between the cavities on the 
cavity deformation in the direction of the z-axis.  
The simulation results presented above demonstrate that the compression of the 
microplasma stamp with the substrate to be treated is connected with a deformation of 
the cavities in z-direction and a change of the gas pressure inside the cavities. Both 
parameters influence the Paschen value (p·h-product with regard to the dimensions of 
the microplasma stamp (see figure 6.10)) and with it the ignition conditions of the 
cavities. Based on the simulation results the influence of the deformation on the 
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Paschen value was examined for cavities showing a diameter in the range of 
100-500 µm and three different cavity heights (100 µm, 250 µm and 350 µm). If the 
deformation of the cavities is neglected, the Paschen value for the different cavity 
heights would be ~26.6 Torr·cm (h=350 µm), ~19.0 Torr·cm (h=250 µm) and 
~7.6 Torr·cm (h=100 µm). The influence of the deformation on the Paschen value is 
illustrated in figure 6.20. The calculations show, that the cavity deformation is 
involved with an increase of the Paschen value with a decreasing cavity diameter 
(increasing aspect ratio) regarding cavities with the same initial cavity height, despite a 
decrease of the cavity height due to the deformation.  
6.2.3.2 Experiments and Results 
The ignition voltages of enclosed cylindrical cavities similar to those provided by 
microplasma stamps are assumed to be influenced by the cavity dimensions as 
described in detail in section 2.4.2. This has been determined in several experiments 
using microplasma stamps which provide cavities in a circular arrangement with a 
diameter D in the range of 100-500 µm and a cavity height h of 100-350 µm.  
Firstly, the influence of the cavity diameter on the ignition voltage was regarded. 
Figure 6.21 shows an increase of the ignition voltage for a decreasing cavity diameter, 
independent from the characteristic that the cavities of each experimental series 
provide a constant cavity height. Moreover, as shown in figure 6.5 and 6.9 this 
increase is independent from the microplasma stamp and the electrode design.  
 
Figure 6.20. Influence of the cavity deformation on the Paschen 
value (p·h).  
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Figure 6.21. Influence of the cavity diameter on the ignition voltage 
for the HV design featuring different cavity heights (100 µm, 
250 µm, 350 µm).  
A similar behaviour is already described by Hall and Russek [Hal54] on the basis of an 
empirical formula (see section 2.4.2). With regard to the presented experiments, the 
described effect is additionally influenced by an increasing deformation of the cavities 
with a decreasing cavity diameter and with it an increased pressure inside the cavities 
due to the compression of the microplasma stamp and the substrate to be treated (see 
section 6.2.3.1). 
For a further examination of the influence of the cavity dimensions, the achieved 
ignition voltages for both microplasma stamp designs were plotted against the aspect 
ratio (h:D) of the cavities. Figure 6.22 shows that the ignition voltages of both 
microplasma stamp designs increase with growing aspect ratio and converges to 
~4.3 kV for the low-voltage design and ~8.4 kV for the high-voltage design with 
cavities providing an aspect ratio about 2.5. Moreover, figure 6.22 depicts, that 
cavities with the same aspect ratio require the same ignition voltages independent from 
the cavity height, which was confirmed in another test run for cavities providing an 
aspect ratio of 0.5 (see figure 6.23).  
Concerning the cavities with a diameter of 100 µm and a cavity height of 350 µm 
(aspect ratio 3.5), it has not been possible to determine their ignition voltage. 
Independent from the microplasma stamp design, all attempts resulted in destroyed 
cavities or even microplasma stamps (figure 6.24). A detailed microscopic analysis 
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shows electrical treeing inceptive from the edges of the cylindrical cavities (figure 
6.24). The electrical treeing is a well-known effect in the area of solid insulating 
materials. As pointed out in section 2.5 the propagation and initiation of electrical trees 
is enhanced by an internal tensile strain. In the present case the electrical treeing is 
positively affected by the high aspect ratio (350 µm:100 µm) of the cavities. This leads 
to major deformations of the cavities (see section 6.2.3.1) and connected with it an 
increase of the tensile stress in the edges of the cavities.  
 
Figure 6.22. Influence of the aspect ratio on the ignition voltage 
for the LV and the HV design. 
 
Figure 6.23. Ignition voltages for cavities with varying diameters 
featuring the same aspect ratio of 0.5.  
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Figure 6.24. Electrical treeing observed for microplasma stamps 
featuring 100 µm cavities. Left: Electrical treeing at cavities. 
Right: Destruction of a whole microplasma stamp.  
Secondly, the influence of the PDMS thickness on top of the cavities was determined 
in an experimental series using a high-voltage design microplasma stamp with cavities 
in an x-y array arrangement. The applied microplasma stamps provide cavities with a 
diameter of 500 µm, a height of 250 µm and a varying PDMS thickness LPDMS of 
50-250 µm on top of the cavities. As shown in figure 6.25 the ignition voltage 
increases with a growing PDMS thickness on top of the cavities. This effect was 
expected due to the increase of the dielectric barrier between the electrodes and is 
advantaged by the higher deformations of the cavities resulting from the thicker PDMS 
membrane on top of them (see section 6.2.3.1).  
Finally, the influence of the distance between the cavities on the ignition voltage was 
regarded. For this purpose, high-voltage microplasma stamps with an x-y array cavity 
arrangement were used, featuring cavities with a diameter D of 500 µm and a height h 
of 350 µm. The distance Ldistance between the cavities varies in the range of 
200-500 µm and is equal in x- and y-direction. For a better comparability of the 
results, all microplasma stamps used in this experimental series have the same number 
of cavities. Figure 6.26 shows that the ignition voltage is reduced with a decreasing 
distance between the cavities. This effect can be explained by a decrease of the 
deformations (see section 6.2.3.1) and a possible interacting of the plasmas in adjacent 
cavities, favoured by the optical transparency of the PDMS.  
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Figure 6.25. Influence of the PDMS thickness above the cavities 
on the ignition voltage, determined using a HV microplasma 
stamp with cavities (diameter: 500 µm, height: 250 µm) in x-y 
array arrangement.  
 
 
Figure 6.26. Influence of the distance between the cavities on the 
ignition voltage considering an x-y array (cavity diameter: 
500 µm, cavity height: 350 µm, distance: 200-500 µm).  
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6.2.3.3 SIPDP Simulations 
The experiments described in section 6.2.3.2 regard the influence of the cavity 
dimensions and connected with it the influence of the deformation of the cavities on 
the ignition voltage. For a further analysis the influence of these parameters on the 
breakdown voltage is examined. For this purpose, the breakdown voltage of the 
experimental results is determined based on the investigation of the breakdown and 
ignition voltages achieved by a simulation using the two-momentum fluid model 
SIPDP (Kinema Research & Software) [Bra99, Li97, Pun98, Gol06]. The simulation 
has been conducted by Ermel [Erm08, Luc08b] for the various cavity dimensions of 
the uncompressed low-voltage microplasma stamp design used in this work (see 
section 6.2.3). 
Description of the Simulation Model 
The SIPDP model used by Ermel [Erm08, Luc08b] is based on the two-momentum 
description of electrons and ions, which are coupled with the Poisson`s equation for 
the electric field [Bra99, Pun98, Meu95, Boe96]. The used simulation domain is a 
rectangle with symmetric boundary conditions imposed on the two sidewalls 
perpendicular to the electrodes [Bra99]. The applied electric field in this model is 
determined by the supply voltage as well as the geometry of the dielectric barrier and 
the enclosed cavity. Based on the works of Golubovskii [Gol02], Sublet et al. [Sub06] 
and Kunhardt [Kun00], Ermel chose a simplified triangular voltage shape with a 
gradient of 109 V/s, a peak value of 5 kV and a frequency of 50 kHz for the applied 
voltage. Golubovskii [Gol02] and Sublet et al. [Sub06] show in their works that the 
breakdown voltage is only weakly influenced by the excitation frequency of the 
applied voltage for frequencies below 20 kHz. Kunhardt [Kun00] demonstrates that at 
atmospheric pressure the breakdown voltage remains nearly constant for frequencies 
below 50 kHz, shows a considerable dependence for frequencies above 50 kHz and 
reaches a minimum at 1 MHz. 
Regarding the initial conditions for the electron and ion density, Braun [Bra92] and 
Georghiou [Geo99] presented in their works that the streamer propagation 
characteristic is not significantly affected by them. Based on this Ermel used an 
electron and ion density of 108 cm-3 [Rad03] in his model, which results in an 
immediate growth of the plasma density when the breakdown field strength is 
achieved. The ionization rate coefficient and the charged particle densities were set to 
the values of nitrogen, which is used as background gas. The Paschen value of the 
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simulation model was defined to be a value located near the intersection point of the 
Paschen curves for air and nitrogen [Sch69].  
The estimation of the cathode emission is the most undetermined part of the model 
definition because some phenomena on the cathode and the respective electron yield 
depend on the condition of the cathode surface, which is usually difficult to control. 
Golubovskii et al. [Gol06], Baars-Hibbe et al. [Baa05a] and Novak et al. [Nov87] 
show in their publications that the secondary emission rate remains a parameter which 
has to be adjusted to the experimental data. Ermel included the secondary electron 
emission by ion impact on the cavity surface in his model with a probability of 
γ = 0.05.  
Considering the photoemission and photoionization, Yurgelenas et al. [Yur06] 
demonstrate in their work that the photoemission intensity at the cathode only weakly 
influences the microdischarge due to a strong dependence on the distance from the 
ionization front. As a result, it has to be considered for the description of the wave 
development along the electrode surface. The space photoionization at first defines the 
charge layer around the streamer head and secondly the length of absorption of the 
photoionizing radiation influences the electron density and the radius of the streamer 
channel [Kul00, Pan01]. Ermel neglected both values in his model, due to the low 
electron density at the pre-breakdown stage. 
The simulation model defined and used by Ermel is a rather simplified one, but it 
offers the possibility to assess important trends in the breakdown characteristic. If the 
breakdown voltage, i.e. the voltage drop inside the cavity volume, achieved by the 
simulation should be compared to the Paschen`s curve, it is necessary to calculate the 
applied electric field in the defined cavity. In this case, the electric field should not be 
distorted by charged carrier densities. Thus, Ermel calculated the breakdown voltage at 
an early stage of discharge, where field distortions based on space charges does not 
occur yet. For this purpose, the integral of the electric field strength along the field 
lines within the defined cavity was taken as breakdown voltage.  
Simulation Results and Comparison to the Experimental Results 
Based on the simulation results achieved by Ermel the breakdown voltage of the 
experimental results has been calculated by the use of a conversion factor calculated 
by 
ksimulation = Uz / Ui (6.2) 
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The simulation and experimental results are presented and compared in figures 6.27 
and 6.28. Figure 6.27 shows the comparison of the experimentally achieved ignition 
voltages for the low-voltage design, already described in section 6.2.3.2 based on the 
high-voltage design, to the ignition voltages applied to the simulation. In both cases 
the ignition voltages increase with decreasing cavity diameter and the experimentally 
achieved results are consistent with the simulation results, except for small variations. 
The breakdown voltages calculated on the basis of the experimentally achieved 
ignition voltages as presented in figure 6.28 shows a similar behaviour, in contrast to 
the breakdown voltages of the simulation, which remain nearly constant independently 
from the cavity diameter. 
The deviations depicted in both diagrams, can be explained by the following 
conditions: The simulations were carried out in nitrogen and air was used for the 
experiments. The deformations of the cavities due to the compression of the 
microplasma stamp and the substrate to be treated during the experiments were 
disregarded for the simulations. The simulations were conducted for the cross section 
of an infinite channel using the cavity diameter as channel width, whereas for the 
experiments defined cylindrical structures were used.  
The estimated breakdown voltages can be determined to ~0.85 kV (100 µm height), 
~1.5 kV (250 µm height) and ~2 kV (350 µm height) via the Paschen curve (see 
section 2.2.2) for uncompressed cavities, based on the calculated Paschen values (see 
section 6.2.3.1). A comparison of the estimated breakdown voltages to the results of 
the simulations and experiments show a deviation in both cases. These deviations are 
based on the simplified assumptions made for the simulation model and the 
consequences of the deformations that occur during the experiments.  
A further analysis of the influence of the aspect ratio on the ignition voltage is 
illustrated in figure 6.29. The simulation and the experimental results show an increase 
of the ignition voltage with a growing aspect ratio. However, the variation of the 
ignition voltage for cavities with the same cavity height and different aspect ratios 
observed for the experiments is less for the simulations. As to the influence of the 
aspect ratio on the breakdown voltage presented in figure 6.30, it can be seen that the 
breakdown voltage achieved by the simulation is independent from the aspect ratio and 
only depends on the cavity height. In contrast, the breakdown voltage calculated for 
the experimental results illustrated in figure 6.30 additionally shows a dependence on 
the aspect ratio and increases for a growing aspect ratio for cavities with the same 
cavity height.  
https://doi.org/10.24355/dbbs.084-201901221456-0
6 Characterization and Optimization of Microplasma Stamps 
96 
The observed deviations are assumed to be based on the disregard of the deformations 
that occur during the compression, which leads to an increase of the Paschen value for 
increasing aspect ratio (see section 6.2.3.1). This behaviour verifies the experimental 
trend illustrated in figure 6.28 and with it reflects the conditions at the right branch of 
the Paschen curve (see section 2.2.2). 
 
Figure 6.27. Comparison of the ignition voltages of simulation 
(SL) and experimental (EX) results (LV design). 
 
Figure 6.28. Comparison of the breakdown voltages of 
simulation (SL) and calculated experimental (EX) results (LV 
design). 
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Figure 6.29. Influence of the aspect ratio on the ignition voltage 
of the LV design, simulation (SL) and experimental (EX) results. 
 
Figure 6.30. Influence of the aspect ratio on the breakdown 
voltage of the LV Design, simulation (SL) and calculated 
experimental (EX) results. 
Regarding figure 6.30, the highest deviations could be observed for the cavities with 
the lowest and highest aspect ratio for one initial cavity height. With regard to section 
6.2.3.1, the first case results from the high deformation of the cavity height, the second 
case can be explained by the high increase of the pressure inside the cavities, which 
results in a high increase of the Paschen value compared to cavities with smaller aspect 
ratios.  
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6.2.3.4 SEM and EDX Analysis of the Treated Surfaces 
The influence of the cavity design on the surface treatment was analyzed by means of 
SEM and EDX analysis. The analysis regards the mark left by the plasma on the 
treated areas of ground PP204 discs. The experiments were conducted by the use of 
high-voltage design microplasma stamps, which provide cavities in a circular 
arrangement with a diameter of 500 µm and heights of 350 µm, 250 µm and 100 µm, 
resulting in three different aspect ratios (0.7, 0.5 and 0.2). The treatment was carried 
out for 4 s using a N2+H2 gas mixture (96 % N2, 4 % H2) and ignition voltages of 
5.8 kV (aspect ratio 0.7), 4.8 kV (a. r. 0.5) and 3.5 kV (a. r. 0.2).  
It could be observed that the cavity designs featuring an aspect ratio of 0.5 and 0.7 lead 
to a ring-shaped mark either melted or etched as described in section 6.2.1.2 (see 
figure 6.31 a, b). In contrast, the treatment of surfaces with an aspect ratio of 0.2 
shows a homogeneous treatment of the exposed area (see figure 6.31 c).  
Additionally, the influence of the surface treatment on the distribution of the 
functional groups, which are required for the following applications, was examined by 
an EDX analysis using an acceleration voltage of 2 kV. The exposure of the PP204 
surfaces to a nitrogen containing plasma enables the examination of the nitrogen 
distribution on top of them. The results illustrated in figure 6.32 show that independent 
from the aspect ratio the surface treatment is restricted to the cavity area and that an 
almost homogeneous nitrogen distribution over the treated area could be achieved. The 
small amounts of nitrogen observed next to the cavities result from a contamination of 
the PP204 material during the production process. Moreover, figure 6.32 shows that 
the amount of nitrogen incorporated into the surface is reduced with decreasing aspect 
ratio, which is supposed to be a result of the smaller enclosed gas volume. Considering 
the distribution of the nitrogen on the surface, a slightly ring-shaped distribution could 
be observed for the surfaces treated by an aspect ratio of 0.7. This effect is assumed to 
be connected to the change of the surface properties due to the melting or etching of 
the surface during treatment.  
The observed inhomogeneity of the plasma treatment is supposed to be mainly 
determined by the discharge type of the plasma. To reduce or completely avoid this 
inhomogeneity, the discharge type inside the cavities should be mainly determined by 
a volume discharge instead of a gliding discharge along the sidewalls. As described in 
section 2.4.2, this property is offered by spherical cavities.  
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a) 
 
b) 
 
c) 
 
Figure 6.31. SEM image of ground PP204 showing the mark left after plasma 
treatment with the HV design providing cavities in circular arrangement with an 
aspect ratio of a) 0.7, b) 0.5 and c) 0.2. 
a) b) 
 
c) 
 
Figure 6.32. EDX map scan regarding the N2 distribution on the surface after 
plasma treatment with an aspect ratio of a) 0.7 (magnification 0 x), b) 0.5 
(magnification 4 x) and c) 0.2 (magnification 4 x). 
For the verification of this assumption a high-voltage microplasma stamp was 
designed, which provides a PDMS membrane with spherical cavities in the circular 
cavity arrangement. The cavities have an opening diameter of 400 µm, a height of 
~650 µm, a diameter of ~630 µm, a PDMS thickness above the cavities of ~200 µm 
(figure 6.33) and were generated based on Giang et al. [Gia07]. For the generation of 
spherical cavities in PDMS, Giang et al. introduce a special PDMS moulding process, 
where the curing of the PDMS takes place in a vacuum oven at a reduced pressure. For 
this purpose, they use a master structure with tiny holes at the positions where the 
spheres are intended to be generated. The PDMS prepolymer is poured over the master 
and cured in a vacuum oven at a defined, reduced pressure. The preset pressure has to 
be kept high enough to prevent the generated bubbles from reaching the PDMS surface 
and from being destroyed. In this work a master featuring circular holes with a 
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diameter of 400 µm was used, and the PDMS was cured at a temperature of 85 °C at a 
pressure of 500 mbar. 
The subsequent experiment, concerning the influence of the spherical design on the 
surface treatment, was carried out for 4 s on a ground PP204 surface using a N2+H2 
gas mixture (96 % N2, 4 % H2). The ignition voltage was set to 8.3 kV. The results are 
compared to those of a cylindrical cavity design featuring cavities in circular 
arrangement with a diameter of 400 µm and a height of 350 µm requiring an ignition 
voltage of 6.4 kV. The required ignition voltage for the spherical design is higher due 
to the increased cavity height. The results presented in figures 6.34-6.36 show that the 
spherical design could minimize or completely avoid the inhomogeneous treatment of 
the surface and thus confirm the previously made assumption. A subsequent EDX 
analysis of the surfaces shows that also the distribution of nitrogen is more 
homogeneous for the spherical design (see figure 6.38). The plasma treatment using 
the cylindrical cavities (aspect ratio 0.875) results in a slightly ring-shaped nitrogen 
distribution similar to that achieved for the cylindrical cavities with an aspect ratio of 
0.7 described above (see figure 6.37). Furthermore, it can be seen that the amount of 
incorporated nitrogen is higher for the spherical design due to the larger enclosed gas 
volume.  
 
 
Figure 6.33. Microscopic 
view of a spherical cavity 
in PDMS with an opening 
diameter of 400 µm.  
 
Figure 6.34. SEM image 
of ground PP204 showing 
the mark left after plasma 
treatment with the HV 
design providing cylin-
drical cavities (diameter: 
400 µm, height: 350 µm) 
in circular arrangement. 
 
Figure 6.35. SEM image I 
of ground PP204 showing 
the mark left after plasma 
treatment with the HV 
design providing spherical 
cavities with an opening 
diameter of 400 µm in 
circular arrangement. 
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Figure 6.36. SEM image 
II of ground PP204 
showing the mark left 
after plasma treatment 
with the HV design 
providing spherical cavi-
ties with an opening 
diameter of 400 µm in 
circular arrangement. 
 
Figure 6.37. EDX map 
scan regarding the N2 
distribution on the surface 
after plasma treatment 
with the cylindrical cavity 
design (magnification 4 x). 
 
Figure 6.38. EDX map 
scan regarding the N2 
distribution on the surface 
after plasma treatment 
with the spherical cavity 
design (magnification 4 x). 
Regarding the influence of the distance between the cavities on the surface treatment 
of ground PP204, the SEM analysis shows that the area-selectivity of the treatment is 
ensured for distances down to 200 µm (see figure 6.39). It is also possible to ignite 
cavities with distances in between down to 50 µm (see figure 6.40), but in this case the 
contact area between the sidewalls and the substrate to be treated is not large enough 
which may result partially in gap discharges.  
 
Figure 6.39. SEM image of 
ground PP204 showing the 
mark left after plasma 
treatment (ignition voltage 
5.1 kV) with the HV design 
providing cylindrical cavities 
arranged as x-y array 
(D=500 µm, h=350 µm, 
Ldistance=200 µm). 
 
Figure 6.40. SEM image of 
ground PP204 showing the 
mark left after plasma 
treatment (ignition voltage 
3.2 kV) with the HV design 
providing cylindrical ca-
vities arranged as hexa-
gonal array (D=500 µm, 
h=350 µm, Ldistance=50 µm).
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6.2.3.5 Conclusions 
The conducted experiments and simulations show a good agreement. However, the 
ignition voltage is strongly influenced by the dimensions (aspect ratio) of the cavities 
as previously shown by Hall and Russek [Hal54] and by the deformation of the 
cavities. The cavity deformation leads to an increase of the pressure inside the cavities 
and moreover to an increase of the Paschen value. To minimize the deformation of the 
cavities and with it keep the required ignition voltage close to the value expected on 
the basis of the Paschen curve, the following design rules should be attended: The 
aspect ratio of the cavity design should be <1, i.e. a diameter which is larger than the 
cavity height. The thickness of the PDMS membrane on top of the cavities should be 
kept as small as possible. Regarding the high-voltage design a PDMS membrane on 
top of the cavities is not essential because the thin gold electrode is separated by the 
glass backing structure from the plasma. Thus, a degradation of the electrode can be 
avoided. For the low-voltage design the PDMS membrane is necessary to protect the 
electrode. The distance between the cavities should also be kept small. The 
experiments show that it can be reduced down to 200 µm without achieving 
undesirable gap discharges. 
As regards the homogeneity of the surface treatment small aspect ratios are favourable. 
In contrast to higher aspect ratios, the cavities featuring an aspect ratio of 0.2 enable a 
nearly homogeneous treatment of the PP204 surface. The disadvantage of cavities with 
a small aspect ratio is the small enclosed gas volume, which is available for the surface 
treatment. This can limit the number of functional groups incorporated into the surface 
because a gas exchange between the cavities and the surrounding gas atmosphere is 
not possible. One possibility which offers good prospects to enable large enclosed gas 
volumes combined with a homogeneous surface treatment is the use of spherical 
cavities. However, the processing of this cavity geometry is more intricate because 
parameters like the cavity height, the cavity diameter, the PDMS thickness above the 
cavities and the distance between them are hard to control. Another problem is given 
by the control of the coplanarity of the upper and lower surface because the double-
sided moulding device (see section 4.2.3.2) cannot be used in a vacuum oven due to 
the required connections (e.g. vacuum, power supply).  
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6.2.4 Influence of the Compression Force 
The microplasma stamp and the substrate to be treated are temporarily compressed 
during treatment to avoid gap discharges and thus ensure an area-selective treatment of 
varying surfaces. For this purpose the influence of the compression force on the 
deformation of the cavities and with it the ignition voltage, as well as the minimum 
required compression forces were determined. 
6.2.4.1 FEM simulations  
The compression of the microplasma stamp and the substrate to be treated results in a 
deformation of the cavities as presented in section 6.2.3.1. The influence of varying 
compression forces (31-220 N, i.e. ~24-170 kN/m² (see Appendix D.2)) on the cavity 
deformation was examined by an FEM simulation regarding the percental deformation 
of the cavity radius (x-direction) as well as the deformation of the cavity in z-direction 
as described in section 6.2.3.1. The simulation was conducted for cylindrical cavities 
with a height of 350 µm and diameters in the range of 100-500 µm. The results 
presented in figure 6.41 and 6.42 show an increase of the cavity deformation in x- and 
z-direction with increasing compression force independent of the initial cavity 
diameter.  
 
Figure 6.41. Influence of the compression force on the 
deformation of cavities with varying diameters (100-500 µm) in 
direction of the x-axis.  
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Figure 6.42. Influence of the compression force on the 
deformation of the cavities with varying diameters (100-500 µm) 
in z-direction.  
Based on these results the influence of the deformation on the gas pressure inside the 
cavities was exemplarily calculated for cavities with a diameter of 500 µm as 
described in section 6.2.3.1. The results presented in figure 6.43 show that the 
increased deformation leads to an increase of the gas pressure inside the cavities up to 
~1.9 bar.  
 
Figure 6.43. Influence of the compression force on the gas 
pressure inside the cavities, calculated for cavities with a 
diameter of 500 µm and a height of 350 µm. 
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The achieved simulation results have been verified in an additional microscopic 
analysis of the deformation of a 200 µm cavity (cavity height 350 µm) which was 
compressed with 94 N and 157 N. The results presented in figure 6.44 clearly illustrate 
an increase of the deformation with increasing compression force. Furthermore, the 
values measured for the deformation of the cavity radius in direction of the x-axis 
determined by the microscopic analysis are consistent with those achieved by the 
simulation.  
6.2.4.2 Experiments and Results 
The influence of the compression force on the ignition voltage has been verified by 
two experimental series, which were conducted on PP205. For this purpose two high-
voltage microplasma stamp designs were used with cavities in circular arrangement 
providing a height of 350 µm and a cavity diameter of 300 µm and 500 µm.  
Figure 6.45 presents that the ignition voltage increases with a growing compression 
force for both cavity designs. This is based on the increased deformation of the 
cavities, which is linked with an increase of the gas pressure and the Paschen value as 
described in section 6.2.3.1 and 6.2.4.1. Moreover, the experiments show that a 
compression force of 220 N (i.e. ~170 kN/m² see Appendix D.2) is too high and in 
most cases leads to a destruction of the plasma stamp by electrical treeing. In contrast, 
compression forces below 63 N (i.e. ~49 kN/m²) are too small and result in gap 
discharges, so that an area-selective treatment could not be ensured anymore. The most 
suitable compression force was determined to be around 94 N, which is used for all 
experiments in the scope of this work. 
 
Figure 6.44. Microscopic analysis of the 
deformation of a cavity (diameter 200 µm, height 
350 µm) compressed with different compression 
forces (0 N (left), 94 N (middle), 157 N (right)).  
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Figure 6.45. Influence of the compression force on the ignition 
voltage exemplary for 300 µm and 500 µm cavities with a cavity 
height of 350 µm. 
6.2.5 Influence of the PDMS Composition 
As described in section 4.2.2 the Young´s modulus of PDMS decreases for an 
increasing PDMS mixing ratio, which results in a higher flexibility of the PDMS. This 
can be advantageous for several applications, e.g. the treatment of rough and wavy 
surfaces because the PDMS can better conform to these surfaces. However, the 
variation of the Young´s modulus of PDMS influences the degree of deformation of 
the cavities due to compression and with it the ignition voltage. The extent of this 
influence was examined in an experimental series using a high-voltage microplasma 
stamp with cavities providing a height of 350 µm and diameters in the range of 
200-500 µm using PP205 as substrate to be treated. The experiments were conducted 
for three different mixing ratios: the commonly used standard ratio of 1:10, a 1:5 
mixing ratio showing an increased Young´s modulus and a 1:20 mixing ratio showing 
a decreased Young´s modulus. 
As expected, the results presented in figure 6.46 depict, that the deformation increase 
for the 1:20 mixing ratio, resulting in an increased ignition voltage, whereas the 
deformation of the 1:5 mixing ratio decreases, leading to a decrease of the ignition 
voltage. Moreover, the results show that the PDMS mixing ratio just slightly 
influences the ignition voltage and only leads to a deviation in the range of ±0.5 kV.  
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Figure 6.46. Influence of the PDMS composition on the ignition 
voltage.  
Nevertheless, regarding the treatment of plane surfaces, it is advantageous to decrease 
the mixing ratio of PDMS and with it keep the deformation and the ignition voltage as 
small as possible.  
6.2.6 Influence of the Substrate to be Treated 
6.2.6.1 Experiments and Results 
Microplasma stamps should be applied for the area-selective treatment of various 
substrates. For this purpose, the degree of the influence of the substrate to be treated 
on the ignition voltage was determined for both microplasma stamp designs provided 
with cavities in circular arrangement with a diameter of 500 µm and a height of 
350 µm.  
The results presented in figure 6.47 illustrate, that both microplasma stamp designs 
show nearly the same behaviour and allow the area-selective treatment of various 
surfaces, including rough surfaces like those provided by black ceramic substrates 
(Ra=1.14 µm). Furthermore, it is depicted, that as expected the ignition voltage is 
strongly influenced by the conductivity of the substrates. The lowest ignition voltages 
are required for PP204, silicon and aluminum and the highest for glass as non-
conductive material which operates as second dielectric. As regards the two carbon 
loaded PP substrates PP204 and PP205 used in the scope of this work, the experiments 
clearly verify their different conductivities based on different amounts of carbon.  
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Figure 6.47. Influence of the substrate to be treated on the 
ignition voltage. 
6.2.6.2 SEM and EDX analysis of the Treated Surfaces 
The carbon loaded PP substrates used in the scope of this work are provided in two 
different surface qualities, ground or non-ground. Based on this the influence of the 
substrate and substrate surface, respectively, on the homogeneity of the surface 
treatment was examined by comparing the treatment of ground and non-ground PP204 
substrates. The treatment was conducted using a high-voltage microplasma stamp 
design provided with cavities in circular cavity arrangement with a diameter of 
500 µm and a height 350 m. Independent of the surface, the treatment time was set to 
4 s, the ignition voltage to 5.8 kV and an N2+H2 gas mixture (96 % N2, 4 % H2) was 
used as process gas. The results of the subsequent SEM and EDX analysis are 
compared in figure 6.48 and 6.49.  
The SEM analysis of the mark left on the PP204 surfaces after plasma treatment shows 
that the treatment of the non-ground PP204 surface is homogeneous in contrast to the 
treatment of the ground PP204 surface (figure 6.48). The homogeneity of the surface 
treatment is assumed to be linked with the thin dielectric PP layer on top of the non-
ground surface, which leads to a changed charge carrier distribution on top of the PP 
surface and with it to a changed distribution of the electric field. However, figure 6.48 
(right) shows that the surface is also melted or etched as described in section 6.2.1.2.  
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Figure 6.48. SEM image of ground (left) and non-ground 
(right) PP204 showing the mark left after plasma treatment 
with the HV design providing cavities (diameter 500 µm, 
height 350 µm) in circular arrangement. 
  
Figure 6.49. EDX map scan regarding the N2 distribution 
on a ground (left) and non-ground (right) PP204 surface 
after plasma treatment with the HV design providing 
cavities (diameter 500 µm, height 350 µm) in circular 
arrangement. 
The results of the EDX analysis are illustrated in figure 6.49 and show an equal 
amount of nitrogen incorporated into both surfaces. As described in section 6.2.1.2 the 
nitrogen incorporated into the ground surface shows a ring-shaped distribution in 
contrast to the non-ground surface where the nitrogen incorporation is restricted to the 
centre of the cavity and does not cover the whole cavity area. This effect is assumed to 
be related to a different propagation of the plasma discharged inside the cavity which 
is based on the varying surface properties. 
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6.2.7 Influence of the Process Gas 
6.2.7.1 Experiments and Results 
The area-selective modification of surfaces by the use of microplasma stamps enables 
the generation of different functional groups (e.g. peroxides, amino-groups, etc.) 
depending on the applied process gas. On this account, the influence of various gases 
on the ignition voltage was determined in an experimental series for both microplasma 
stamp designs providing cavities in circular arrangement with a diameter of 500 µm 
and a height of 350 µm. PP205 was chosen as material to be treated.  
The results presented in figure 6.50 show that both microplasma stamp designs enable 
the ignition of plasma discharges in a variety of gases at atmospheric pressure. Both 
microplasma stamp designs show a similar behaviour, with the ignition voltage of the 
high-voltage design being stronger influenced by different gases. As expected, the 
lowest ignition voltage was achieved for helium, the highest for air (see section 2.2.2).  
6.2.7.2 SEM Analysis of the Treated Surfaces 
The influence of the process gas on the surface treatment was determined in an 
experimental series on ground PP204. For this purpose the PP204 was treated with a 
high-voltage design microplasma stamp providing cavities in circular arrangement 
with a diameter of 500 µm and a height of 350 µm. Argon, helium and the N2+H2 gas 
mixture were used as process gases. The ignition voltages were set to 5.8 kV for the 
N2+H2 gas mixture, 4.9 kV for argon and 3.4 kV for helium.  
The results presented in figure 6.51 a-c clearly depict that in contrast to the N2+H2 gas 
mixture, helium and argon show a homogeneous treatment of the surface. This 
difference is connected to the different discharge types developing inside the cavities 
due to the different applied process gases. Regarding the discharge in noble gases an 
atmospheric pressure glow discharge as described in Massines et al. [Mas05] is 
assumed to develop inside the cavities, which leads to the homogeneous surface 
treatment (figure 6.51 b and c). The discharge in the N2+H2 gas mixture is supposed to 
be of the streamer-like type as described in section 2.3.1 and 2.4.1, resulting in the 
ring-shaped surface treatment (figure 6.51 a). 
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Figure 6.50. Influence of the process gas on the ignition voltage. 
 
a) 
 
b) 
 
c) 
 
Figure 6.51. SEM image of ground PP204 showing the mark left after plasma 
treatment with the HV design providing cavities (diameter 500 µm, height 350 µm) in 
circular arrangement, a) N2+H2, b) argon and c) helium.  
6.2.8 Influence of the Ignition Conditions 
In most of the cases presented in the sections above a ring-shaped inhomogeneous 
treatment of the surfaces was observed. It is assumed that the inhomogeneous 
treatment is connected to the propagation of the plasma inside the cavities as well as to 
the discharge type of the plasma. For a further analysis, the influence of the ignition 
conditions of the plasma on the surface treatment was determined with regard to a 
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minimization or avoidance of the inhomogeneous treatment. For this purpose, ground 
PP204 substrates were treated under several conditions by the use of a high-voltage 
microplasma stamp which provides cavities with a diameter of 500 µm and a height of 
350 µm. Afterwards, these treated surfaces were examined by an SEM and EDX 
analysis and compared to a reference surface treated by the same microplasma stamp 
design for 4 s using a continuous wave (CW) excitation at 33 kHz. All experiments 
described in this section were carried out in a N2+H2 (96 % N2, 4 %H2) gas mixture.  
At first, the influence of the treatment time on the surface treatment was examined. For 
this purpose two ground PP204 surfaces were treated, the first one for 1 s and the 
second one for 4 s using an ignition voltage of 5.8 kV. The results presented in figure 
6.52 a and b show that independently from the treatment time the mark left by the 
plasma shows a ring-shaped structure, which is melted or etched into the material. As 
it can be seen, this melting or etching of the material increases with a growing 
treatment time. A further EDX analysis has shown that also the amount of nitrogen 
incorporated into the surface is reduced with decreasing treatment time.  
Secondly, the influence of the use of overvoltages on the surface modification was 
examined by the treatment of a ground PP204 surface with an increased ignition 
voltage of 7.8 kV. As presented in figure 6.52 c also in this case a ring-shaped mark is 
left by the plasma in the cavity area. In contrast to the mark left by the reference 
plasma treatment (figure 6.52 a), the melted ring area is slightly expanded. This effect 
is based on the higher energy incorporated into the surface, which leads to an 
increased either melted or etched area.  
Finally, the influence of the excitation mode itself was examined. For this purpose, 
ground PP204 surfaces were treated by plasmas ignited using pulse wave excitations. 
Three different pulses with varying on- and off-times were compared, pulse A (4 ms 
on, 2 ms off), pulse B (5 ms on, 5 ms off) and pulse C (2 ms on, 4 ms off). The total 
treatment time, which means the time when the plasma is ignited (on-time), was set to 
4 s for each sample. The results presented in figure 6.53 a-d show that independently 
from the excitation mode a ring-shaped mark is left by the plasma in the cavity area. 
The mark left by pulse A is similar to those left by the continuous wave excitation, in 
contrary pulse B and C show an expansion of the either melted or etched area. This is 
based on the longer off-times which enable movement of the charged carriers during 
these times which leads to a changed distribution of the charged carriers and with it a 
changed propagation of the plasma inside the cavity.  
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a) 
 
b) c) 
 
Figure 6.52. SEM image of ground PP204 showing the mark left after N2+H2 
plasma treatment with the HV design providing cavities (diameter 500 µm, height 
350 µm) in circular arrangement, a) treatment time 4 s, b) treatment time 1s and c) 
overvoltage 2 kV. 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 6.53. SEM image of ground PP204 showing the 
mark left after plasma treatment with the HV design 
providing cavities (diameter 500 µm, height 350 µm) in 
circular arrangement, a) continuous wave, b) pulse A, c) 
pulse B and d) pulse C. 
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For a further analysis an EDX analysis of the surfaces treated by plasmas with pulse 
wave excitation was conducted. The results presented in figure 6.54 e-h show, that the 
amount of nitrogen incorporated into the surface is lower for the surfaces treated by 
pulsed wave excitation, compared to the one treated by continuous wave excitation. 
Comparing the three pulsed wave excitation modes the highest incorporation of 
nitrogen could be achieved for pulse B (figure 6.54 g), the lowest for pulse A (figure 
6.54 f). However, the whole PP204 substrate of the pulse A sample shows a high 
contamination with nitrogen, which influences the results and minimizes the contrast 
between untreated and treated area. Regarding figure 6.54 g, the nitrogen distribution 
achieved by the treatment with pulse B also shows a ring-shaped distribution similar to 
those achieved for the continuous wave excitation depicted in figure 6.54 e.  
e) 
 
f) 
 
g) 
 
h) 
 
Figure 6.54. EDX map scan of the N2 distribution on a 
ground PP204 surface after plasma treatment with the HV 
design providing cavities (diameter 500 µm, height 
350 µm) in circular arrangement, a) continuous wave 
(magnification 0 x), b) pulse A (magnification 4 x) c) pulse 
B (magnification 4 x) and d) pulse C (magnification 4 x). 
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To conclude a variation of the excitation mode as well as parameters like ignition 
voltage and treatment time do not have a strong influence on the mark left on the 
ground PP204 surface after plasma treatment in an N2+H2 gas mixture. However, the 
amount of nitrogen incorporated into the surface is influenced by these parameters. 
The best results for this could be achieved for a continuous wave treatment for 4 s.  
6.2.9 Time Delay 
As described in section 2.4.3 the ignition of plasmas in dielectric voids tend to show 
an inception delay. For the application of microplasma stamps this effect was observed 
only for the first ignition of an unused microplasma stamp. In this case an overvoltage 
of around 1-2 kV is required to ignite a plasma inside the cavities compared to the 
values presented in the sections above. In contrast to the estimated time delay (table 
6.1), calculated for the cavity dimensions used in this work based on equation 2.14 
given in section 2.4.3, the time delay observed for the plasma ignition of unused 
microplasma stamps range from seconds up to some minutes.  
Concerning the ignition of microplasma stamps that have been ignited before, the 
plasma stamps show the “switch on” behaviour described in section 2.4.3. In this case 
they require an ignition voltage in the range of the values presented in the sections 
above. This effect is based on the trapping of electrons to and detrapping of electrons 
from the surfaces of the sidewalls of the cavity. However, in the case of the 
microplasma stamps described in this work, an additional degradation of the PDMS 
surface is assumed to occur because the switch on behaviour is independent from the 
time between two ignitions and is even observed after weeks. This leads to the 
assumption that the surface does not recover after the first ignition.  
6.3 Scaling-Up 
Based on the experimental results described in section 6.2 a scaling-up was carried out 
on the basis of the high-voltage microplasma stamp design because of the easier 
processing. The enlarged system is presented in figure 6.55. It is based on a 4” glass 
wafer serving as backing structure provided with a transparent gold electrode (30 nm) 
of a diameter of 8 cm. As cavity design four x-y arrays were realized with cavities 
featuring a diameter of 500 µm a height of 350 µm and a distance between the cavities 
of 500 µm.  
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Table 6.1. Time delay in hours calculated for the cavity dimensions  
used in the scope of this work based on equation 2.14 with αeff, γ and  
Crad·Φrad taken from [Bur01] and n taken from [Mee78].  
Cavity height Cavity 
Diameter 350 µm 250 µm 100 µm 
500 µm 2.73 4.18 13.59 
400 µm 3.66 5.12 17.54 
300 µm 6.06 8.94 29.57 
200 µm 13.62 18.49 64.28 
100 µm xxx 73.35 198.70 
Moreover, a proof of concept was conducted to verify the operation of the enlarged 
microplasma stamp. For this purpose, the microplasma stamp was compressed with a 
4” aluminum wafer as substrate to be treated using the maximum available 
compression force of 220 N (i.e. ~28 kN/m² see Appendix D.2) and air as enclosed 
process gas. For the plasma ignition a continuous wave excitation at 33 kHz was used. 
The ignition voltage was increased slowly until plasma ignition.  
Figure 6.56 shows that it has been possible to ignite all cavities distributed over the 
electrode area of the microplasma stamp. The required ignition voltage was in the 
range of 4.8 kV. However, as the maximum compression force provided by the 
pneumatic cylinder was not high enough (see section 6.2.4.2) some gap discharges 
could be observed (see figure 6.56). It is assumed that these gap discharges can be 
avoided by the application of a higher compression force and with it enable the area-
selective treatment of varying substrate sizes by the use of microplasma stamps.  
 
Figure 6.55. Scaling-up of the 
high-voltage design microplasma 
stamp. 
 
Figure 6.56. Plasma of the 
scaled up HV design ignited at 
4.8 kV with a compression 
force of 220 N.  
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7 Applications 
Microplasma stamps based on the so-called plasma printing concept enable new ways 
of the micrometer-scale, area-selective modification of surface properties at 
atmospheric pressure. They offer a relatively simple and cost-effective opportunity for 
the generation of chemical functionalization patterns without the use of cost-intensive 
vacuum equipment and with it the possibility to simplify industrial processes. This 
kind of patterned surface treatment is of growing interest in the fields of biotechnology 
(e.g. protein chips) and medical technology as well as in the field of microelectronics 
(e.g. of fabrication of printed circuits) and decorative coatings.  
In the scope of this work the applicability of microplasma stamps for the area-selective 
modification of surfaces has been verified by two different applications, the patterned 
electroless deposition of nickel and the peptide synthesis which has been carried out 
by the Institut für Oberflächentechnik (IOT) at the TU Braunschweig [Hin07, Hin08a, 
Hin08b, Luc08c] and the Helmholtz Centre for Infection Research GmbH (HZI) in 
Braunschweig [Fra08, Fra08a, Fra08b].  
7.1 Surface Modification of Polypropylene for the Electroless 
Deposition of Nickel 
The electroless deposition of metals is one of the most frequently used industrial 
processes for the metallization of non-conductive materials like polymers [Esr00]. The 
process is carried out in an aqueous solution and is based on the metal deposition as a 
result of a redox reaction. Compared to common deposition processes the electroless 
deposition of metals presents numerous advantages, e.g. low costs, rapidity of the 
process and a uniform film thickness even on substrates showing complex geometries 
[Ala96]. The electroless metallization process can be subdivided into three process 
steps: the surface pre-treatment to improve the adhesion, the surface seeding with an 
electroless catalyst (generally a compound containing palladium) and the electroless 
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deposition itself [Cha03]. The surface pre-treatment step is commonly carried out by a 
chemical treatment and with it often involves complicated, time-consuming and 
environmentally unfriendly procedures [Cha04]. An alternative method, demonstrated 
in various publications of a working group around Charbonnier [Ala96, Cha96, Cha98, 
Cha03, Cha04, Cha06, Esr00] is the plasma pre-treatment of polymers in various gas 
atmospheres (e.g. O2, N2, NH3) (see section 3.2). However, these approaches describe 
the plasma activation of an entire surface and require additional etching steps, if a 
patterned metallization is required. The presented microplasma stamps as well as 
similar approaches described in section 3.1, enable the area-selective plasma 
modification of surfaces. Thus, microplasma stamps give prospect of being a suitable 
plasma source for the pre-treatment of surfaces preliminary to the patterned electroless 
deposition of non-conductive materials.  
7.1.1 The Electroless Nickel Deposition Process 
The applicability of microplasma stamps for the pre-treatment process, required for the 
electroless deposition onto non-conductive materials, has been proved by the 
electroless deposition of nickel onto biaxially oriented polypropylene (BoPP) foils. For 
this purpose, solvent cleaned BoPP surfaces were pre-treated using the high-voltage 
microplasma stamp design provided with varying cavity arrangements. The plasma 
treatment was carried out in various gas atmospheres (N2+H2 (96 % N2, 4 % H2) gas 
mixture, helium, argon) to examine the incorporation of various functional groups onto 
the surface. To ensure a nearly pure gas atmosphere inside the cavities, the gas flow 
box of the test bench (see section 6.1) was flooded with the desired process gas for 
15 min. For the plasma ignition an excitation frequency of 33 kHz was used and the 
ignition voltages were set to ~8 kV for the N2+H2 gas mixture, ~5.3 kV for helium and 
~4.6 kV for argon. The adjusted ignition voltages are higher than those determined in 
section 6.2.7.1 because the BoPP foils were fixed to a glass wafer as carrier substrate, 
which serves as second dielectric. The treatment times varied between 10-40 s and the 
compression force, required for the compression of the microplasma stamp and the 
substrate to be treated, has been set to 63-94 N.  
The subsequent seeding of the surface with a palladium catalyst was carried out 
applying the one-step or two-step procedure (see figure 7.1) described in Charbonnier 
et al. [Ala96, Cha96, Cha98, Cha01, Cha03, Cha04], with the choice of the procedure 
type depending on the applied process gas. Regarding the expected functionalities, the 
treatment in argon and helium will lead to a chemisorption of oxygenated  
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Figure 7.1. Process flow for the electroless nickel deposition process based on 
[Ala96, Cha96, Cha03].  
functionalities to the surface, the treatment using a N2+H2 gas mixture to the 
chemisorption of both nitrogenated and oxygenated functionalities [Ala96, Cha03] 
(see section 3.2). According to Charbonnier et al. [Cha03, Cha01] the two-step 
procedure (see figure 7.1) was applied for the seeding of surfaces with incorporated 
oxygen. This procedure is based on a sensitization step using a solution containing 
0.1 g/l SnCl2 and 0.1 ml/l HCl (32 %) followed by an activation step using a 0.1 g/l 
PdCl2 and 3.5 ml/l HCl (32 %) solution [Cha01, Cha03]. As shown in Charbonnier et 
al. [Ala96, Cha01, Cha03] the oxygenated surfaces chemisorb the tin species at first 
and in the second step the palladium ones. Surfaces treated in the N2+H2 gas mixture 
do not attach any tin species on the surface, but they chemisorb a significant amount of 
palladium. On this account, the one-step procedure (see figure 7.1) which only 
requires an activation step conducted in an 0.1 g/l PdCl2 and 3.5 ml/l HCl (32 %) 
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solution was applied for surfaces treated by plasmas in the N2+H2 gas mixture [Ala 96, 
Cha01, Cha03]. The results achieved by the one-step and two-step procedure are 
connected to the strong affinity of tin towards oxygen and the non-affinity of 
palladium towards oxygen as well as the strong affinity of palladium towards nitrogen 
[Cha03]. The treatment time in each solution was set to 3 min independently from the 
chosen procedure type. 
The following electroless plating of nickel was carried out in a lab scale setup. The 
plating bath consists of 36 g/l nickel(II) sulfate hexahydrate (NiSO4 . 6H2O), 10 g/l 
sodium hypophosphite monohydrate (NaH2PO2 . H2O) and 29 ml/l lactic acid (85 %) 
based on Charbonnier et al. [Cha03]. The pH value of the plating bath was adjusted to 
5 by the addition of NaOH pellets [Cha03]. The temperature of the plating bath was 
kept in the range of 60-70 °C. The required treatment time until the entire pre-treated 
surface was coated with nickel varies between 1-3 min.  
7.1.2 Results 
As presented in figures 7.2-7.4 microplasma stamps are a suitable plasma source for 
the area-selective pre-treatment of BoPP foils before the electroless deposition of 
nickel. Figures 7.2-7.4 shows that independently from the applied process gas a 
patterned deposition of nickel could be achieved on the BoPP surfaces using the two-
step procedure as activation process. Thus, the chemisorption of oxygen onto the 
treated surface areas is verified. However, the best results were achieved for helium 
and the N2+H2 gas mixture, the plating of argon-treated surfaces show some 
contaminations of the untreated areas as well as some gliding discharges around the 
cavities (see figure 7.4).  
Regarding the surface treatment of BoPP foils using microplasma stamps in a N2+H2 
gas atmosphere, an additional nitrogen functionalization of the surfaces is expected. 
As demonstrated and described in detail in Charbonnier et al. [Cha01, Cha03] this 
enables the application of the one-step procedure for the palladium seeding of the 
modified areas. As presented in figure 7.5 this behaviour and with it the nitrogen 
functionalization of the BoPP surfaces has been successfully verified, even if the 
nickel distribution on the activated areas is not entirely homogeneous. Moreover, the 
influence of the distance between the cavities, which is similar to the distance between 
the pre-treated areas, was regarded. Figure 7.6 shows that an area-selective electroless 
deposition of nickel could be achieved for distances down to 200 µm.  
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Finally, the adhesion of the deposited nickel to the BoPP surfaces was examined by a 
peel test using an adhesive tape. The peel test showed that independently from the 
applied process gas and the applied activation method the deposited nickel remains 
onto the BoPP foils if the adhesive tape is peeled off.  
 
Figure 7.2. Electroless 
deposited nickel on a BoPP 
foil after N2+H2 plasma 
treatment (ignition voltage 
8 kV, treatment time 20 s, 
CW excitation). 
 
Figure 7.3. Electroless 
deposited nickel on a BoPP 
foil after helium plasma 
treatment (ignition voltage 
5.3 kV, treatment time 
20 s, CW excitation). 
 
Figure 7.4. Electroless 
deposited nickel on a 
BoPP foil after argon 
plasma treatment (ignition 
voltage 4.6 kV, treatment 
time 15 s, pulsed wave 
excitation (5 ms on-time: 
5 ms off-time). 
 
Figure 7.5. Electroless 
deposited nickel on a BoPP 
foil after N2+H2 plasma 
treatment (ignition voltage 
7.2 kV, treatment time 
40 s, CW excitation) and 
activation using the one 
step procedure. 
 
Figure 7.6. Electroless 
deposited nickel on a BoPP 
foil after N2+H2 plasma 
treatment (ignition voltage 
6.3 kV, treatment time 
40 s, CW excitation) with a 
microplasma stamp array 
(200 µm distance between 
the cavities) and activation 
using the two step 
procedure. 
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7.2 Area-Selective Modification of Polypropylene Surfaces for 
Peptide Syntheses 
Microarrays, which enable the simultaneous and parallel analysis for thousands of 
molecular interactions in a miniaturized format and an unprecedented sensitivity 
[Dik04], play an important role as innovative analytic tools in the field of life sciences 
(e.g. drug screening, genetics, biomolecular recognition). The typical design of 
microarrays is based on an x-y array with a spot density in the range of 25 spots/cm²-
10 000 spots/mm² in order to allow a direct neighbour comparison in a single 
experiment [Dik04]. The manufacture of microarrays is carried out either by the 
spatial deposition and immobilization of the performed probe molecules or the in-situ 
parallel combinatorial chemical synthesis [Fra08a]. The latter is achieved by the 
sequential, spatially addressable coupling of activated monomers to an array of 
chemically reactive sites on a suitably derivatized surface of a planar substrate 
[Fra08a]. For the spatially addressable chemical synthesis the lithographic masking 
techniques or the addressable delivery of reagents with suitable pipetting robots as 
developed by Frank [Fra92] and termed SPOT-synthesis is used [Fra92]. Recent 
works, aiming at fully automating the SPOT procedure at high speed, have led to the 
development of the BioDisc-Synthesizer. The BioDisc-Synthesizer applies a novel 
type of array format, which is based on the CD-ROM design and a rapid (100 Hz) 
nl-dispensing of reagents with ink jet valves [Dik04].  
In the field of the spatially addressable, chemical array synthesis, the microplasma 
stamps presented in this work can be applied for the area-selective functionalization of 
polymer surfaces to generate high density arrays of chemically reactive microsites 
serving as anchor spots. A first application is described by Franke et al. [Fra08, 
Fra08a, Fra08b, Luc08c, Luc08d] who applied the presented microplasma stamps for 
the patterned modification of a conductive polymer composite substrate disc (PP204) 
for the SPOT-synthesis application. Due to their conductivity, these discs will allow a 
detection of biomolecules captured on the probe array by matrix-assisted laser 
desorption mass spectroscopy (MALDI-MS). In the following sections the results 
achieved by Hinze et al. [Hin07, Hin08a, Hin08b, Hin08c, Luc08c, Luc08d] regarding 
the precedent, area-selective amino functionalization of polymers and those of a 
subsequent peptide synthesis achieved by Franke et al. [Fra08, Fra08a, Fra08b] are 
presented.  
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7.2.1 Amino-Functionalization of Polymer Surfaces 
Prior to the peptide synthesis a patterned amino functionalization of the surface is 
required which serves as anchor spots. The amino functionalization of various 
polymers (e.g. BoPP, low density polyethylene (LDPE) and ground PP204), achieved 
by the treatment with the presented microplasma stamp designs, has been examined by 
Hinze et al. [Hin07, Hin08a, Hin08b, Hin08c, Luc08c, Luc08d] using CD ATR FTIR 
and SEM-EDX analysis. For this purpose they applied microplasma stamps which 
were provided either with the circular cavity arrangement (500 µm diameter, height 
350 µm) or an x-y array (500 µm diameter, height 350 µm). The experimental setup 
used by Hinze et al. is similar to the one described in section 6.1. However, it is 
provided with a specially designed gas flow box, which enables to work in a nearly 
purified gas atmosphere and to keep the oxygen level low to avoid the oxygen 
diradical competing with the nitrogen species. The plasma ignition was carried out in 
N2+H2 (96 % N2, 4 % H2) or N2+NH3 (90 % N2, 10 % NH3) gas mixtures applying an 
ignition voltage of 10 kV and an excitation frequency of 23 kHz. The treatment time 
was set to 3 s in their experiments. Prior to the first ignition Hinze et al. conducted a 
passivation of the microplasma stamp (8.5 kV, 23 kHz, air, 2 min) to avoid the 
formation of plasma etching products formed from the PDMS.  
Subsequently to the plasma treatment Hinze et al. incorporated fluorine to the surface 
by a selective chemical gas-phase derivatization of primary amino groups with 
trifluoro-methyl-benzaldehyde (TFBA) (see figure 7.7). Thus, the area density of the 
surface bond NH2 groups incorporated into the surface due to the plasma treatment 
could be determined by a CD ATR FTIR and SEM-EDX analysis of fluorine. The 
results of both measurements show that they were able to attach at least 5 (LDPE), 8 
(BoPP) and 20 (PP204) primary amines per nm² area-selectively onto the polymer 
surfaces (see figure 7.8) for both process gases. Regarding the distribution of the 
amino groups, Hinze et al. show that the N2+H2 plasma treatment resulted in a 
sufficient uniform amination over the diameter of the spots, whereas for the treatment 
in the N2+NH3 deviations from the uniformity could be observed.  
 
Figure 7.7. Schematic view of the derivatization reaction according to [Hin08c] 
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Figure 7.8. SEM-EDX analysis of the distribution of primary amino group densities 
across the diameter of a plasma printed 500 µm spot on LDPE, BoPP and PP204 
obtained by plasma treatment in N2+H2 (left) and NH3+N2 (right). The average values 
obtained by CD ATR FTIR are shown in comparison (--- lines) according to [Hin08b, 
Hin08c]. 
 
7.2.2 Peptide Synthesis on Amino-Functionalized Polymers 
The peptide synthesis has been conducted by Franke et al. [Fra08, Fra08a, Fra08b, 
Luc08c, Luc08d] using the patterned amino-functionalized PP204 surfaces generated 
by Hinze (see section 7.2.1). In a first functional study, they successfully coupled two 
β-alanine residues to the amino functionalized surface using Fmoc-peptide chemistry 
[Wel97]. For this purpose, Franke et al. [Fra08b, Luc08d] at first activated the Fmoc-
protected amino acid by the DIC/HOBt-method and afterwards coupled the resulting 
OBt-Ester to the primary amino groups on the plasma-treated surface. The amino 
groups that did not react with the ester were inactivated by treating the composite disc 
in a solution consisting of 10 % acetanhydride in dimethylformamide (DMF). The 
Fmoc-deprotection was subsequently carried out using 20 % piperidin in DMF. Figure 
7.9 shows the visualization of the free amino groups of the coupled β-alanines by 
labelling with fluorescamine. The fluorescence was measured with a biochip reader 
(Biodetect, Fraunhofer IPM, Freiburg, Germany).  
In a second proof of concept study, Franke et al. [Fra08, Fra08a, Fra08b, Luc08c, 
Luc08d] applied the patterned amino-functionalized PP204 discs to synthesize 
peptides which were N-terminally modified with a biotin-moiety. In a subsequent 
bioassay they applied Cy3-labeled Streptavidin to examine the binding to biotine. 
Afterwards, the samples were treated in Tris-buffered saline (TBS) (pH 7.5) with 
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0.01 % of the detergent tween20 to wash away unspecific bound molecules. The 
results of Franke et al. are illustrated in Figure 7.10 which shows the Cy3-fluorescence 
of the bound molecules of Streptavidin achieved by the use of a biochip reader (filter 
setting for Cy3: λex= 550 nm, λem= 570 nm).  
 
 
Figure 7.9. β-alanine functionalized PP204 disc with 
fluorescamine labelled N-terminus according to [Fra08b, 
Hin08b, Hin08c]. 
 
 
 
Figure 7.10. Composites with biotinylated peptides: binding to Cy3-labeled 
Streptavidin according to [Fra08b, Hin08b, Hin08c]. 
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8 Conclusions and Outlook 
The work presented focusses on the processing, characterization and application of 
microplasma stamps. Two different microplasma stamp concepts were developed 
which enable the ignition of microplasmas in geometrically defined cavities at 
atmospheric pressure and with it the area-selective modification of surfaces. The 
microplasma stamps were provided with cylindrical cavities in various arrangements 
whereas the smallest cavities show a diameter and a height of 100 µm, the smallest 
distance in between the cavities was set to 50 µm.  
A main part of this work is the development of the microplasma stamp concepts and 
the required process technologies described in section 4. Particularly, the improved 
double-sided moulding process for PDMS and linked with it the generation of flexible 
master structures made of SU-8 give rise as suitable technologies in various fields of 
microsystemtechnology (e.g. microfluidics, microoptics).  
The microplasma stamps were characterized in detail based on experiments regarding 
the influence of design changes and varying process conditions on the ignition voltage. 
The results were further examined and verified by SIPDP simulations investigating the 
theoretically required ignition and breakdown voltages as well as FEM simulations 
which regard the influence of the cavity deformation. The results show that both 
microplasma stamp designs enable the treatment of conductive and non-conductive 
surfaces at atmospheric pressure in air, gases containing nitrogen (e.g. N2+H2, 
N2+NH3), noble gases and oxygen, the ignition voltages being strongly dependent on 
the microplasma stamp design, the electrical connection and the cavity design as well 
as the process gas and the substrate to be treated. The required ignition voltages 
covered the range of 2-10 kV using an excitation frequency of 33 kHz. Regarding the 
two microplasma stamp design concepts, the low-voltage design gives rise for a future 
application using a radiofrequency excitation because of the lower required ignition 
voltages and the thin dielectric barrier which can be kept <100 µm. 
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In order to avoid gap discharges and to ensure an area-selective treatment of the 
surface the microplasma stamp and the substrate to be treated are compressed 
temporarily during the treatment time. The experiments have shown that the applied 
compression force should be in the range of 72.5 kN/m². However, the simulation and 
experiments show that this compression leads to a cavity deformation which is linked 
to an increase of the gas pressure inside the cavities and with it an increase of the 
required ignition voltage. To reduce the influence of the deformation on the ignition 
voltage, the aspect ratio of the cavities should be kept <1.  
Additionally, the influence of the microplasma stamp design, the cavity design as well 
as various process conditions on the surface treatment were determined by an SEM 
and EDX analysis. The results clearly illustrate that in most cases a ring-shaped either 
melted or sputter etched area can be observed in the treated cavity areas. This effect is 
supposed to be based on the surface gliding discharges along the sidewalls of the 
cavities and could be avoided for the plasma treatment in noble gases as well as the 
application of cavities with an aspect ratio of 0.2. In these cases a homogeneous 
treatment of the surfaces has been observed. The EDX analysis of the treated surfaces, 
regarding the distribution of nitrogen incorporated into the surface in the plasma 
treated area after plasma treatment in nitrogen containing gases, shows in most cases a 
nearly homogeneous distribution of the nitrogen. However, the amount of functional 
groups incorporated into the surface strongly depends on the enclosed gas volume and 
the excitation mode. The best results regarding the amount of incorporated nitrogen 
could be achieved for microplasma stamps providing cavities with an aspect ratio of 
0.7 that were operated in an N2+H2 gas mixture as process gas using continuous wave 
excitation.  
All experiments within the scope of this work were conducted using microplasma 
stamps which show test scale dimensions (3.6 x 3.6 cm²). However, future applications 
will require the treatment of larger areas. For this purpose a successful scaling-up has 
been carried out, which clearly presents the possibilities of the microplasma stamp 
concepts which are free-dimensionable as to the lateral dimensions and with it will 
allow the treatment of surfaces in various sizes and forms.  
The area-selective treatment of surfaces enabled by microplasma stamps is of growing 
interest particularly in the fields of microelectronics, biotechnology and medical 
technology. Based on these possible future applications, microplasma stamps have 
been successfully applied for the pre-treatment of polypropylene for the electroless 
deposition of nickel and the peptide synthesis as a proof of concept. Despite the 
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melting or etching of the surface observed after treatment a nearly homogeneous 
modification of the surfaces could be achieved in both cases. Moreover, the area-
selective incorporation of various functional groups (oxygen, nitrogen) has been 
presented. This shows that microplasma stamps are a suitable plasma source for the 
area-selective plasma modification of polymers and several other materials at 
atmospheric pressure and with it give rise to be a powerful process tool for future 
applications.  
Concerning the lifetime of microplasma stamps, the experiments have shown that they 
can be reused for more than 500 treatments. Nevertheless, the life time is limited 
because the plasma treatment also leads to a degradation or modification of the PDMS 
material, with the ignition behaviour being strongly influenced after a certain number 
of ignitions.  
For a further improvement of microplasma stamps the influence of the plasma on the 
PDMS, which is marginally discussed in section 6.2.9, should be investigated in detail 
within future works. This investigation has to be conducted with regard to a possible 
contamination of the substrate to be treated as well as the influence of this 
contamination on the applications. One possibility to reduce the influence of the 
plasma on the PDMS and with it the influence of the PDMS on the surface treatment, 
is a passivation of the PDMS in an oxygen or air plasma preliminary to the first 
application.  
Moreover, future works should deal with a further optimization of the microplasma 
stamp design itself with regard to the knowledge achieved in the scope of this work 
and with it enable an enlarged range of applications. To ensure the area-selective 
treatment of surfaces showing an enhanced roughness and waviness, a patterned 
membrane with an enhanced flexibility will be required. For this purpose a patterned 
PDMS dielectric consisting of a PDMS double-layer that provide two different PDMS 
mixing ratios is considered to be an appropriate solution in order to allow a better 
conformity of the PDMS to varying surfaces. 
Another limitation of microplasma stamps to be dealt with in future is the restricted 
enclosed gas volume inside the cavities available for the surface treatment process. 
The microplasma stamp designs presented in this work do not allow a gas exchange 
during the processing. Thus, the amount of functional groups that can be incorporated 
into the surface or the thickness of a deposited layer is restricted. This could be 
avoided by a future integration of a gas exchange system to the microplasma stamp 
designs in the form of a channel network, realized in the PDMS dielectric layer by 
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double-sided moulding or the application of porous materials as backing substrate or 
electrode material.  
Considering the cavity design the spherical cavities presented in this work give 
prospect to a more homogeneous treatment of the surface. However, the processing 
has to be improved to realize reproducible cavity sizes and the design of the treated 
areas is restricted to a circular or quadratic design due to the processing of the 
spherical cavities.  
Under consideration of the proposed improvements the capability of microplasma 
stamps presented in this work will increase, enabling an enlarged range of 
applications. Thus microplasma stamps are expected to be a more powerful process 
tool for the area-selective treatment of surfaces in the near future. 
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A. Process Flows 
A.1 Black Ceramic SU-8 Master Structures 
1) Generation of the compensating layer 
 Base Material: black ceramic wafer with a thickness of 0.7 mm 
 Cleaning of the wafer with H2O2 and H2SO4 
 Dehydration of the wafer at 120 °C for 1 h 
 Spin on of 5 ml SU-8 25 with 2500 rpm directly after cooling down  
 Levelling for 30 min 
 Drying at 100 °C for 60 min on a hotplate (including ramp from 50 °C) 
2) Exposure 
 Flood exposure for 60 s 
 Post exposure bake for 45 min at 95 °C (including ramp from 60 °C) 
3) Generation of the photoresist layer for the patterns 
 Directly after cooling down or preliminary dehydration at 100 °C for 30 min 
 For a layer thickness of 350 µm (parameters for other thicknesses see 
Appendix B) spin on of 4 ml SU-8 50 with 900 rpm  
 Levelling for 1-2 h 
 Drying for 5 h at 100 °C (including a ramp from 50 °C) 
 Spin on of 4 ml SU-8 50 with 900 rpm 
 Levelling for 1-2 h 
 Drying for 6 h at 100 °C (including a ramp from 50 °C) 
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4) Exposure and development  
 Exposure for 150 s  
 Post exposure bake for 45 min at 95 °C (including a ramp from 60 °C) 
 Store wafer for 1-2 days at clean room conditions to minimize internal stress 
 Development the SU-8 (2 min GBL, 15 min in PGMEA, 10 s cleaning 
PGMEA) 
 Rinsing in 2-propanol 
 Spin dry of the wafer 
 
A.2 Flexible SU-8 Master Structures without Patterns 
1) Generation of the SU-8 base layer 
 Base Material: glass wafer with a thickness of 2.75 mm 
 Cleaning of the wafer with H2O2 and H2SO4 
 Dehydration of the wafer at 120 °C for 1 h 
 Deposition of a 200 nm PECVD silicon nitride 
 Spin on of 5 ml SU-8 50 with 900 rpm 
 Levelling for 1-2 h 
 Drying at 100 °C for 5 h on a hotplate (including ramp from 50 °C) 
 Spin on of 5 ml SU-8 50 with 900 rpm 
 Levelling for 1-2 h 
 Drying 100 °C for 6 h on a hotplate (including ramp from 50 °C) 
2) Exposure 
 Flood exposure for 100 s  
 Post exposure bake for 45 min at 95 °C (including ramp from 60 °C) 
 Cooling down on the hotplate  
 Store wafer at clean room conditions for 5-10 days to minimize internal 
stress 
3) Separation of the SU-8 master structure from the glass wafer 
 Removal of the silicon nitride layer in HF (20%) for 1-2 h 
 Rinsing of the SU-8 master structure in DI-water  
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A.3 Flexible SU-8 Master Structures with Patterns 
1) Generation of the base layer 
 Base Material: glass wafer with a thickness of 2.75 mm 
 Cleaning of the wafer with H2O2 and H2SO4 
 Dehydration of the wafer at 120 °C for 1 h 
 Deposition of a 200 nm PECVD silicon nitride 
 Spin on of 5 ml SU-8 50 with 900 rpm 
 Levelling for 1-2 h 
 Drying at 100 °C for 5 h on a hotplate (including ramp from 50 °C) 
 Spin on of 5 ml SU-8 50 with 900 rpm 
 Levelling for 1-2 h 
 Drying 100 °C for 6 h on a hotplate (including ramp from 50 °C) 
2) Exposure 
 Flood exposure for 100 s  
 Post exposure bake for 90 min at 75 °C (including ramp from 60 °C) 
 Cooling down on the hotplate  
3) Generation of the photoresist layer for the patterns  
 Spin on of 5 ml SU-8 50 with 900 rpm (for 150 µm layer thickness) 
 Levelling for 1-2 h 
 Drying at 100 °C for 5 h on a hotplate (including ramp from 50 °C) 
4) Exposure and Development 
 Exposure for 100 s  
 Post exposure bake for 45 min at 95 °C (including ramp from 60 °C) 
 Cooling down on the hotplate and store wafer for 1-2 days at cleanroom 
conditions 
 Development the SU-8 (2 min GBL, 15 min in PGMEA, 10 s cleaning 
PGMEA) 
 Rinsing in 2-propanol and spin dry of the wafer 
 Storing of the wafer at cleanroom conditions for 5-10 days to minimize 
internal stress 
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5) Separation of the SU-8 master structure from the glass wafer 
 Removal of the silicon nitride layer in HF (20%) for 1-2 h 
 Rinsing of the SU-8 master structure in DI-water  
 
A.4 Generation of a Double-Sided Moulded PDMS Membrane 
1) Preparation of the PDMS  
 Mixing of PDMS 10:1 (see section 4.2.2) 
 Degassing of the PDMS at vacuum conditions 
2) Preparation of the double-sided moulding device 
 Required: Black ceramic master structure, SU-8 master structure (without 
patterns) or PP foil  
 Positioning of the master structures on both vacuum chucks  
 Levelling of the double-sided moulding device 
 Adjustment of the zero point (see section 4.2.3.2) 
 Adjustment of the distance on top of the structures  
3) Double-sided moulding 
 Pouring of the degassed PDMS on the lower master structure under 
avoidance of the generation of bubbles 
 Slow lowering of the flap 
 Heating up of the device to 60 °C using the integrated Thermofoil® 
4) Demoulding of the PDMS membrane 
 Turning off of the vacuum 
 Taking out of the master structure sandwich 
 Removal of the flexible SU-8 master structure and PP foil, respectively 
 Peeling off of the double-sided moulded PDMS membrane 
5) Preparing of the PDMS membrane for the bonding process 
 Cutting of the membrane into the desired size (3.6 x 3.6 cm) 
 Removal of any particles from the side to be bonded 
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A.5 Generation of the High-Voltage Design Microplasma Stamp 
1) Generation of the glass backing structure with the electrode 
 Base Material: glass wafer with a thickness of 0.7 mm 
 Cleaning of the wafer with H2O2 and H2SO4 
 Dehydration of the wafer at 120 °C for 1 h 
 Sputter deposition of a chromium layer and a 30 nm gold layer 
 Spin on of 2 ml maP-1215 with 3000 rpm 
 Prebake for 2 min at 100 °C  
 Exposure for 12 s 
 Development of the wafer in maD-331 for 20 s 
 Etching of the gold and chromium layer 
 Controlling of the edges of the electrode  
 Stripping of the photoresist in acetone and ethanol 
 Spin on of 2 ml maP-1215 with 3000 rpm on the side of the wafer with the 
gold electrodes for the following cutting process and drying for 2 min at 
100 °C 
2) Cutting of the wafer  
 Sticking of an adhesive foil on the raw side of the wafer  
 Cut wafer in 4 pieces with dimensions of 3.6 x 3.6 cm 
 Remove adhesive foil 
 Stripping of the photoresist in acetone and ethanol 
3) Generation of the PDMS insulating layer 
 Stick an adhesive foil to the side of the wafer without electrode 
 Stick an adhesive copper tape to the electrode 
 Positioning of a frame around the glass wafer made of adhesive aluminum 
tape 
 Mixing of PDMS 10:1 (see section 4.2.2) and degassing in a vacuum 
chamber 
 Pouring of 4 ml PDMS inside the frame.  
 Curing at 60 °C for 1-2 h 
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4) Preparing of the system for the bonding process 
 Removal of the aluminum frame and the adhesive foil 
 Cleaning of the glass side with acetone and ethanol 
5) Bonding process 
 Activation of the backing structure and the PDMS membrane (see Appendix 
A.4) in an O2 plasma (see section 4.2.4) 
 Positioning of the PDMS membrane on the backing structure, air pockets 
have to be avoided 
 
A.6 Generation of the Low-Voltage Design Microplasma Stamp 
1) Generation of the alignment structures 
 Base Material: glass wafer with a thickness of 0.7 mm 
 Cleaning of the wafer with H2O2 and H2SO4 
 Dehydration of the wafer at 120 °C for 1 h 
 Sputter deposition of a chromium layer and a gold layer 
 Spin on of 2 ml maP-1215 with 3000 rpm 
 Prebake for 2 min at 100 °C  
 Exposure for 12 s 
 Development of the wafer in maD-331 for 20 s 
 Etching of the gold and chromium layer 
 Stripping of the photoresist in acetone and ethanol 
 Cleaning of the wafer with H2O2 and H2SO4 
2) Preparation of the wafer for the glass etch process 
 Dehydration of the wafer at 120 °C for 1 h 
 Sputter deposition of a chromium layer and a gold layer on both sides of the 
wafer  
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2) The following steps have to be carried out directly in succession: 
 If necessary dehydration of the wafer at 120 °C for 1 h 
 Spin on of 4 ml AZ9260 with 600 rpm on one side of the wafer 
 Levelling for 15 min 
 Drying for 1 h at 100 °C (including ramp from 60 °C) 
 Removal of photoresist residues from the back-side of the wafer 
 Spin on of 4 ml AZ9260 with 600 rpm on the back-side of the wafer 
 Levelling for 15 min 
 Drying for 1 h at 100 °C (including ramp from 60 °C) 
 Cooling down on the wafer on the hotplate 
Conditioning on the photoresist for 1 day at cleanroom conditions 
3) Exposure and Development 
 Exposure of both sides of the wafer for 80 s 
 Development of the wafer for 1.5 min in AZ400K developer diluted 1:3 in 
DI-water 
4) Structuring of the metallic layers 
 Pre-treatment of the wafer in an O2-plasma for 2 min 
 Etching of the gold layer 
 Etching of the chromium layer 
5) Glass etch process for the generation of through-holes 
 Etching of the glass wafer using a HF containing glass etch solution (see 
section 4.3.1)  
 Process time 15 h 
 Check if holes are completely etched through 
 If required, continuing of the glass etch process 
 Rinsing of the wafer in DI-water 
6) Preparation for the Intervia 3D-N deposition 
 Stripping of the AZ9260 photoresist in acetone an ethanol 
 Etching of the gold and chromium layer, no residues should be left 
 Cleaning of the wafer with H2O2 and H2SO4 
 Dehydration of the wafer at 120 °C for 1 h 
 Sputter deposition of a chromium and a copper layer on both sides of the 
wafer 
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7) Electrodeposition of Intervia 3D-N  
 Electrodeposition of Intervia 3D-N on both sides of the wafer, bath 
temperature: 26 °C, voltage: 120 V, current: 0.5 A 
 Rinsing of the wafer using DI-water 
 Drying of the photoresist for 3-4 h in a vacuum oven at room temperature 
8) Exposure and Development 
 Preliminary heating up of the developer up to about 40 °C 
 Coating of the wafer with Topcoat for 10 min, avoid rinsing of the wafer 
with DI-water afterwards  
 Careful drying of the wafer 
 Exposure of both sides of the wafer for 150 s 
 Development of the wafer for 3-5 min using the Intervia 3D-N developer 
 Rinsing of the wafer in DI-water 
 Drying of the wafer 
9) Nickel electroplating of the through-hole contact and the contact pads 
 Electroplating of both sides of the wafer in one process step using a clamp 
 Process parameters: 15 mA/cm² for 30 min 
10) Preparation of the wafer for the generation of the electrode 
 Stripping of the Intervia 3D-N photoresist using the Intervia 3D-N remover 
diluted to 70 % 
 Rinsing of the wafer with DI-water 
 Rinsing of the wafer in acetone and ethanol 
 Drying of the wafer 
 Etching of the copper layer 
 Etching of the chromium layer using an alkaline chromium etch  
 Rinsing of the wafer with DI-water 
 Drying of the wafer 
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11) Generation of the electrode 
 Dehydration of the wafer at 100 °C for 10-30 min 
 Sputter deposition of a chromium layer and a 30nm gold layer 
 Spin on of 2 ml maP-1215 with 3000 rpm 
 Prebake for 2 min at 100 °C  
 Exposure for 12 s 
 Development of the wafer in maD-331 for 20 s 
 Etching of the gold layer 
 Stripping of the photoresist in acetone and ethanol 
 Etching of the chromium layer using an alkaline chromium etch 
 Spin on of 2 ml maP-1215 with 3000 rpm on both side of the wafer for the 
following cutting process and drying for 2 min at 100 °C 
12) Cutting of the wafer  
 Sticking of an adhesive foil on the side of the wafer without the electrode 
 Cut wafer in 4 pieces with dimensions of 3.6 x 3.6 cm 
 Remove adhesive foil 
 Cleaning of the wafer only using acetone and ethanol 
13) Soldering of the electrical connection 
 Sticking of an adhesive foil on the electrode side of the wafer to avoid 
scratches 
 Applying a solder resist lacquer on the contact pads 
 Soldering of the lead wire at 300 °C 
14) Generation of the PDMS insulating layer 
 Stick an adhesive foil to the side of the wafer featuring the electrode 
 Positioning of a frame around the glass wafer made of adhesive aluminum 
tape 
 Mixing of PDMS 10:1 (see section 4.2.2) and degassing in a vacuum 
chamber 
 Pouring of 4 ml PDMS inside the frame 
 Curing at 60 °C for 1-2 h 
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15) Preparing of the system for the bonding process 
 Removal of the aluminum frame 
 Removal of the adhesive foil 
 Cleaning of the glass side with toluene, acetone and ethanol, avoid 
contacting the electrode 
16) Bonding process 
 Activation of the backing structure and the PDMS membrane (see 
Appendix A.4) in an O2 plasma (see section 4.2.4) 
 Positioning of the PDMS membrane on the backing structure, air pockets 
have to be avoided 
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B. Material Data 
B.1 Material Data of the Glass Wafer Used for the FEM 
Simulation 
Data provided by COSMOSWorks Solid Works Corporation:  
 
Property  Value 
Youngs modulus 68 935 N/mm² 
Poisson ratio 0.23 
Shear modulus  28 022 N/mm² 
Density 0.0024576 g/mm³ 
Thermal conductivity 0.7498 W/(m K) 
Coefficient of thermal expansion 9x10-6 1/K 
Specific heat 834.6 J/(kg K) 
B.2 SU-8 Spin-on Parameters for Various Layer Thicknesses 
Layer 
thickness 
Number 
of layers Photoresist
Spin on 
speed Drying time Exposure time 
350 µm 2 SU-8 50 900 rpm 5 h / 6 h 150 s 
250 µm 1 SU8-50 600 rpm 5 h 120 s 
200 µm 1 SU8-50 750 rpm 5 h 100 s 
150 µm 1 SU8-50 900 rpm 4 h 80 s 
100 µm 1 SU8-50 1300 rpm 3 h 60 s 
50 µm 1 SU8-25 1000 rpm 2 h 40 s 
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C. Cavity Dimensions of the Plasma Stamp Designs 
 
C.1 Circular Arrangement of the Cavities 
 
Min. distance 
[µm] 
Max. distance 
[µm] 
Cavity diameter 
[µm] 
Between 
cavities 
Centre to 
centre 
Between 
cavities 
Centre to 
centre 
500 500 1000 980 1480 
400 590 990 950 1350 
300 480 780 900 1200 
200 400 600 900 1100 
100 250 350 800 900 
 
C.2 x-y Array Arrangement of the Cavities 
 
 
x-direction 
[µm] 
y-direction 
[µm] 
Cavity diameter 
[µm] 
Between 
cavities 
Centre to 
centre 
Between 
cavities 
Centre to 
centre 
500 500 1000 500 1000 
500 400 900 400 900 
500 300 800 300 800 
500 200 700 200 700 
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D. Technical Data 
D.1 General Specifications of the Plasma Generator 
 
Specification Value 
Producer  Softal Electronics GmbH 
type 7010 R 
Corona power  0.01-1.0 kW 
Corona frequency 10-100 kHz 
Output voltage  ±0.5-±25 kV 
Max. output current  30 A 
Intermediate circuit current 0.1-4.0 A 
Primary windings 50 (A1), 45 (A2), 40 (A3), 35 (A4), 30 (A5), 25 (A6) 
Secondary windings  300 (S1), 400 (S2), 500 (S3), 600 (S4), 
700 (S5), 800 (S6), 1000 (S7) 
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D. 2 Adjustable forces of the pneumatic cylinder 
 
Type of the pneumatic cylinder: ADVUL-20-150-P-A 
Piston diameter: 20 mm 
 
Adjustable 
pressure 
[bar] 
Piston force  
[N] 
Contact pressure for 
3.6 x 3.6 cm -
microplasma stamp  
[N/m²] 
Contact pressure 
for 4”- 
microplasma 
stamp  
[N/m²] 
1 31 23 920 3 947 
2 63 48 611 8 021 
3 94 72 530 11 968 
4 126 97 222 16 043 
5 157 121 142 19 990 
6 188 145 062 23 937 
7 220 169 753 28 011 
8 251 193 673 31 958 
9 283 218 364 36 033 
10 314 242 284 39 980 
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